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ABSTRACT 

Title of Dissertation:  The control and effects of Foxo1 in skeletal muscle 

Tova Neustadt Schachter, Doctor of Philosophy, 2012 

Dissertation Directed by: Martin F. Schneider, Ph.D., Professor, Department of 

Biochemistry and Molecular Biology 

 

In skeletal muscle, the transcription factors Foxo1 and Foxo3A control expression of 

proteins which mediate muscle atrophy, making the nuclear concentration and 

nuclear/cytoplasmic movements of Foxo1 and Foxo3A of therapeutic interest in 

conditions of muscle wasting.  Here, we use Foxo-GFP fusion proteins adenovirally 

expressed in cultured adult mouse skeletal muscle fibers to characterize the time course 

of nuclear efflux of Foxo1-GFP in response to activation of the IGF-1/PI3K/Akt 

pathway, to determine the time course of nuclear influx of Foxo1-GFP during inhibition 

of this pathway, and to explore the effects of Foxo1 on contraction of muscle fibers.  

Localization of endogenous Foxo1 in muscle fibers, as determined via 

immunocytochemistry, is consistent with that of Foxo1-GFP.  Inhibition of the nuclear 

export carrier CRM1 by Leptomycin B (LMB) traps Foxo1 in the nucleus and results in a 

relatively rapid rate of Foxo1 nuclear accumulation, consistent with a high rate of 

nuclear/cytoplasmic shuttling of Foxo1 under control conditions prior to LMB 

application, with near balance of unidirectional influx and efflux.  Expressed Foxo3A-

GFP shuttles about 20 fold more slowly than Foxo1-GFP.  Fibers expressing Foxo1-GFP 

exhibit an inability to contract, abnormal propagation of action potentials, and ablation of 



 

 

calcium transients in response to electrical stimulation compared to fibers expressing 

GFP alone. Evaluation of the T-tubule system, the membranous system involved in the 

radial and longitudinal propagation of the action potential, using a membrane fluorescent 

dye, revealed an intact T-tubule network in fibers over-expressing Foxo1-GFP. 

Interestingly, long-term IGF-1 treatment in Foxo1-GFP fibers induced recovery of 

normal calcium transients, indicating that Foxo1 translocation affects the expression of 

proteins involved in the generation and/or propagation of action potentials.  A decrease in 

Nav1.4 expression in fibers overexpressing Foxo1 was also observed in the absence of 

IGF-1.  We conclude that overactivity of Foxo1 prevents the normal muscle responses to 

electrical stimulation by decreasing expression of Nav1.4 and possibly other means.  Our 

approach allows quantitative kinetic characterization of Foxo1 and Foxo3A nuclear-

cytoplasmic movements in living muscle fibers under various experimental conditions, as 

well as the effects of Foxo1 on the electrophysiology of muscle.   
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CHAPTER 1 

INTRODUCTION    

 

A.  Background 

The Forkhead box (Fox) transcription superfamily is evolutionarily conserved.  In 1989, 

the first member of this superfamily, the fork head gene, in Drosophila melanogaster was 

identified.  Mutation of the fork head gene results in a distinct forkhead-like appearance 

of Drosophila melanogaster, giving rise to the name of the transcription factor 

superfamily (1).  Since then, over 100 transcription factors containing a 100-residue 

DNA-binding domain termed the forkhead domain have been identified, and so, in 2000, 

a new inclusive nomenclature system was developed.  The Foxo class is mammalian and, 

in terms of homology of the forkhead domain, the most diverse of all Fox classes. 

Foxo1 (previously known as forkhead homolog in rhabdomyosarcomas; FKHR) was first 

identified in alveolar rhabdomyosarcomas as the product of a chromosomal translocation 
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in which the N-terminal portion of Pax3 was fused to the C-terminal portion of Foxo1, 

including a truncated portion of the forkhead domain (2). 

 

B.  Structure 

All members of the Fox superfamily share a common 100-residue DNA-binding domain 

known as the forkhead domain.  This domain has three major α-helices as well as two 

large wing-like loops, which gave rise to a second name for this group of transcription 

factors: winged helix transcription factors (3, 4).  The third helix (H3) and both loop 

regions associate with the DNA cognate recognition sequence, [(T/A) (A/T) A A C A ] 

(4, 5).  
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Figure 1.1  The “winged helix” secondary and tertiary structures of the DNA-
binding forkhead domain of Forkhead box transcription factors during interaction 
with DNA.  

 (A) The forkhead domain consists of three N-terminal α-helices, H1, H2, and H3, two 
wing-like structures, W1 and W2, and a C-terminal basic region (B).  The * in the C-
terminal basic region signifies the critical serine 256 in Foxo1 (corresponding to serine 
253 in Foxo3 and serine 193 in Foxo4) that is phosphorylated by Akt.  This basic region 
(B) located within the DNA binding domain (DBD) may interact with the phosphate 
backbone of DNA to increase stability of the complex in a sequence non-specific manner.  
(B)  The third helix, H3, in the forkhead domain directly interacts with DNA, whereas 
H1, H2, and the two wing-like structures W1 and W2 are not directly involved with DNA 
binding. This figure has been modified from Zhang et al., 2002 (15). 

 

Phosphorylation of Foxo prevents its nuclear localization and thus DNA binding, thereby 

inhibiting the transcription of atrogenes, genes for proteins that cause muscle atrophy.  

There are three highly conserved Akt (also known as protein kinase B; PKB) 

phosphorylation sites Thr-24, Ser-256, and Ser-319 in human FOXO1 (6-8).   
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Although the primary regulation of Foxo occurs through Akt-mediated phosphorylation, 

serum- and glucocorticoid-inducible kinase (SGK) also has the ability to phosphorylate 

these residues (9).  Casein kinase 1 (CK1), DYRK1A, and other kinases have different 

recognized phosphorylation sites (10-12).  While phosphorylation via various kinases 

causes cytoplasmic retention, it stands to reason that dephosphorylation via phosphatases 

induce nuclear influx of Foxo.  To date, the only phosphatase that has been shown to 

directly dephosphorylate Foxo is the serine/threonine phosphatase PP2A (13).  Okadaic 

acid (OA), a PP2A inhibitor, prevents this dephosphorylation, thereby inhibiting the 

nuclear influx of Foxo1 (14).  

There are differences in function between the three residues which Akt phosphorylates.  

SGK preferentially phosphorylates S319, whereas Akt preferentially phosphorylates 

S256 (9).  S256 is located in a basic region at the C-terminal end of the DNA binding 

domain (DBD) that may increase stability of DNA-Foxo interaction and has been shown 

to function as a nuclear localization signal (15).  S256 must be phosphorylated first in 

order for phosphorylation of T24 and S319 to occur.  However, phosphorylated S256 

alone is not sufficient to prevent nuclear translocation, but it is sufficient to disrupt DNA-

Foxo interaction independently (15, 16).  This functional aspect of S256 on Foxo1 

corresponds well with the structural understanding of Foxo1 and the stability of Foxo-

DNA interaction due to the basic region of the forkhead domain in which S256 is located 

(see Figure 1.1). 
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Figure 1.2 Functional domains of Foxo1.   

(A) Nuclear import and export of Foxo1 is regulated by Foxo1 kinases include Akt, SGK, 
CK1, and DYRK1A.  Foxo1 is 655 amino acids long and contains 2 nuclear localizing 
sequences (NLS) and 3 nuclear export sequences (NES).  (B)    CRM1 binds to the C-
terminal NES and interacts with the Ran complex which binds to an acidic patch of 
phosphorylated serines.  The NES directly N-terminal to the forkhead domain also binds 
CRM1.  The nuclear localization is further regulated by the cooperative binding of a 14-
3-3 dimer between the N-terminal NES and an NLS. 
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C-terminal to the DBD is a leucine-rich nuclear export signal (NES).  Nuclear export of 

Foxo1 is inhibited by leptomycin B, indicating its interaction with chromosome region 

maintenance 1 (CRM1), a nuclear export protein (17).  Indeed, CRM1 binds to the C-

terminal NES and the NES located N-terminal to the DBD, but not to the N-terminal 

NES.  Interestingly, CRM1 binding and subsequent nuclear export seem to be unaffected 

by Foxo’s phosphorylation status (18).   

Between the DBD and the CRM1 binding site is situated an acidic patch of serines which 

are phosphorylated under some conditions.  S319 is phosphorylated by Akt whereas S322 

and S325 are phosphorylated by CK1 and S329 is phosphorylated by DYRK1A (Figure 

1.2).  This acidic patch increases the rate of nuclear import via interaction with the Ran 

protein complex (10). 

Mutation studies have been important in determining the residues critical to nuclear-

cytopalsmic localization of Foxo1.  Zhang et al., 2002, employed plasmids containing 

wild type Foxo1-GFP as well as plasmids containing point mutations in Foxo1-GFP.  The 

mutation S256A caused nuclear localization, whereas the mutation S256D caused nuclear 

exclusion of Foxo1, demonstrating the necessity of phosphorylation at this site for 

nuclear exclusion.  In order to determine whether this is due to the effect that S256 has on 

the phosphorylation status of T24 and S319 or due to other effects, constructs were made 

with T24A- S319A and with T24A-S256D-S319A.  T24A- S319A caused nuclear 

targeting and the addition of a negative charge at 256 in making T24A-S256D-S319A did 

not disrupt this nuclear targeting.  Taken together, these data indicate that the nuclear 

exclusion that results from phosphorylation of S256 is mediated via phosphorylation of 
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T24 and S319.  Furthermore, mutation of S256D was insufficient to prevent the function 

of the NLS region in which it is located (15).  

Decrease in transactivation of target genes by Foxo1 in response to IGF-1 treatment, as 

determined using a luciferase reporter gene construct, showed phosphorylation of S256 to 

be necessary for induction of expression of downstream atrogenes.  However, mutation of 

S256 to an alanine targets Foxo1 to the nucleus, indicating that DNA binding is 

dependent on more than nuclear-cytoplasmic localization.  Foxo1-DNA binding is 

dependent on characteristics of Foxo1 that are affected by phosphorylation of S256 as 

well, such as phosphorylation of T24 and S319 (Figure 1.3, reference 15). 

 

Figure 1.3    Model of possible mechanism for disruption of  Foxo1-DNA interaction 
by phosphorylation of S256. This model also accounts for the increase in 
phosphorylation of T24 and S319 that occurs when S256 is phosphorylated. 
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C.  Regulation 

Regulation of Foxo-mediated muscle atrophy occurs through the IGF/Akt/PI3K pathway 

(Figure 1.4).  Atrophy caused by overexpression of Foxo3A in both C2C12 myotubes 

and tibialis anterior fibers was inhibited by IGF treatment or by overexpression of Akt 

(19), whereas treatment of muscle cells with IGF-1 promoted hypertrophy (20).  While 

this pathway is integral to Foxo signaling, other post-transcriptional modifications affect 

Foxo activity.  Acetylation, ubiquitination, and phosphorylation via other proteins also 

regulate Foxo’s ability to induce expression of target genes.   
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Figure 1.4  Foxo1 nuclear import and export pathway. 

Insulin like growth factor (IGF) binds to its membrane-bound receptor (IGFR), thereby 
activating PI3K which converts PIP2 to PIP3.  Akt binds to PIP3, where it is 
phosphorylated by the mTOR-Rictor complex and PDK1.  Phosphorylated Akt acts as a 
kinase and directly phosphorylates Foxo1.  Foxo1 which has been phosphorylated is 
excluded from the nucleus.  PP2A can directly dephosphorylate Foxo1, thus driving 
nuclear import. 

 

 

1.  IGF/Akt/PI3K pathway  

The pathway that leads to cytoplasmic retention of Foxo begins when a growth stimulus, 

such as IGF- (insulin-like growth factor) 1, platelet-derived growth factor (PDGF), 

epidermal growth factor (EGF), insulin, thrombin, or nerve growth factor (NGF), binds to 
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its respective membrane-bound receptor and activates phosphatidylinositol-3-kinase (21, 

22).  PI3K phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2), converting it to 

phosphatidylinositol-3,4,5-trisphosphate (PIP3), which forms a lipid binding site on the 

cell membrane for Akt, a serine/threonine kinase.  At the membrane, Akt is activated via 

phosphorylation by the kinase phosphoinoside-dependent kinase 1 (21, 23).  Akt-

mediated phosphorylation of Foxo1 leads to nuclear exclusion and deactivation of Foxo1 

(24).  This effect is mediated through mTORC2 (which contains Rictor) and not through 

rapamycin (25).  

2.  Serum and glucocorticoid-inducible kinase  

Another kinase which is structurally related to Akt and phosphorylates Foxo is serum and 

glucocorticoid-inducible kinase (SGK; reference 9).  Like Akt, SGK is phosphorylated by 

PDK1 and PI3K and then phosphorylates Foxo (26).  Akt and SGK have the same 

putative binding sequence and can phosphorylate the same residues on Foxo.  However, 

experiments have shown that Akt preferentially phosphorylates S256 whereas SGK 

preferentially phosphorylates S319 (9).  However, Akt does phosphorylate S319, 

indicating that Akt may be able to compensate for SGK (27). 

3.  Casein Kinase 1  

Casein Kinase (CK1) is a serine/threonine kinase that is negatively regulated by 

autophosphorylation (28).  CK1 phosphorylates Foxo1 at S319 and S322 after it has 

already been phosphorylated at S316 (10, 29).  Phosphorylation of S319 is a precursor to 

S322 phosphorylation by CK1.  In PDK1 embryonic knockout cells (which are used to 

further determine the role of Akt in various pathways because they fail to phosphorylate 
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and thus activate Akt), no phosphorylation of Foxo on the Akt phosphorylation sites  or 

CK1 sites (S319 and S322) occurred, clearly demonstrating the dependence of CK1 

phosphorylation of Foxo1 on priming by Akt (10). 

4.  DYRK1A  

DYRK kinases are also serine/threonine kinases that are regulated by 

autophosphorylation (30).  DYRK1A phosphorylates Foxo1 at S329, which, together 

with the residues S316, S319, and S322 phosphorylated by Akt and CK1 (Figure 1.2), 

create an acidic patch.  This acidic patch increases the rate of nuclear import via 

interaction with the Ran protein complex (10). 

5.  Ras-Ral  

The Ras-Ral signaling pathway has been shown to influence Foxo4’s transactivational 

capacity but not its nuclear-cytoplasmic localization.  However, this pathway has as of 

yet not been shown to affect other Foxo transcription factors, and its involvement is 

particularly questionable due to a low degree of conservation of the Ral-dependent 

phosphorylation sites (31). 

6.  14-3-3   

14-3-3 binds cooperatively to an NLS and NES on Foxo as a dimer and assists in its 

nuclear export (12, 17).  When Foxo3A is bound to 14-3-3, dephosphorylation by PP2A 

of Foxo3A at T32 and S253 (T24 and S256 on Foxo1) is decreased.  However, 

dephosphorylation of these sites by PP2A is necessary for dissociation of 14-3-3 from 

Foxo, nuclear import, and expression of target genes, indicating that these phosphorylated 
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residues act as docking sites for 14-3-3 (13).  There is also evidence that increased 14-3-3 

binding increases Foxo degradation, presumably by maintaining Foxo in the cytoplasm 

where it can be tagged by ubiquitin. 

7.  PP2A  

To date, PP2A is the only known phosphatase that directly dephosphorylates Foxo.  This 

finding is particularly significant to our understanding of Foxo1 regulation in that it 

demonstrates the dynamic dual direction of phosphorylation.  (13). 

8.  Acetylation  

In healthy cells, Foxo is predominantly in the cytoplasm.  Stress inducers, such as low 

concentration H2O2, can stimulate nuclear translocation and Foxo1 regulation in a manner 

that is not sensitive to growth factors.  It is interesting to note that stress-induced 

acetylation does not affect growth factor-induced Akt (or SGK) phosphorylation and 

stress-induced nuclear targeting overrides the cytoplasmic retention that would normally 

result from Foxo phosphorylation (32).  Oxidative stress leads to association with 

p300/CREB-binding protein (CBP) and p300/CBP-associated factor (PCAF), which leads 

to acetylation of Foxo4 at K186, K189, and K408 (33).  These acetylation residues are 

primarily in the DBD, indicating that acetylation likely regulates DNA binding.  This 

hypothesis was confirmed through further experimentation which demonstrated that 

deacetylation of Foxo by Sirt1 inhibits its transactivational activity and prevents cell 

apoptosis (32, 34).   
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9.  Ubiquitination and proteasomal degradation  

Cytoplasmic Foxo1 phosphorylation leads to ubiquitination and subsequent proteasomal 

degradation (35).  However, over the 2-4 hour time period of the studies shown in this 

work, negligible change in the cytoplasmic fluorescence occurred (Figure 1.5).  Skp2, a 

member of the SCF ubiquitin ligase complexes, has been identified as the ubiquitin ligase 

that ubiquitinates Foxo1.  Phosphorylation of S256 on Foxo1 is a necessary precursor to 

Skp2-induced ubiquitination and thus induces proteasomal degradation of Foxo1.  Foxo1 

ubiquitination results in decreased total Foxo1 in the cell due to proteasomal degradation 

and is thus a mechanism for reducing Foxo1 activity (36).  Discussion of proteasomal 

degradation will continue in further detail in the Muscle atrophy section of Role of Foxo 

in muscle.  

 

Figure 1.5  Cytoplasmic Foxo1-GFP expression does not change during experiments.     

Degradation of Foxo1 is not detectable during experiments.        
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D.  Foxo isoforms 

Four members of the forkhead transcription factor family are found in humans; Foxo1 

(FKHR), Foxo3A (FKHRL), Foxo4 (AFX), and Foxo6.  Foxo1, Foxo3, and Foxo4 are all 

expressed in skeletal muscle, however Foxo6 is expressed mainly in the brain and is not 

present in muscle (37).  In adult mice, Foxo1 is expressed in many tissue types, but most 

strongly in ovary and uterus tissue.  Foxo3 (the murine ortholog of Foxo3A) is expressed 

in all tissue types studied in Biggs et al., 2001, whereas Foxo4 is expressed only in 

skeletal muscle (5).  Moreover, Foxo1 and Foxo3A are the forkhead transcription factors 

associated with muscle atrophy, and upregulation of either one individually has been 

shown to be sufficient to induce muscle atrophy (19, 38).   

Human Foxo transcription factors and their murine orthologs have very high homology.  

In their forkhead domains Foxo1 and Foxo3A are 100% identical to their murine 

orthologs, and Foxo4 is 96% identical.  Over their entire lengths, their homology 

decreases but is still very high.  Foxo1 has 91%, Foxo3A has 94%, and Foxo4 has 86% 

identity to their respective murine orthologs (5). 

Despite their homology, the functions of Foxo transcription factors seem to be diverse.  

By developing knockout mice of each isoform, the unique function of each Foxo 

transcription factor has been made clearer.  Foxo1 knockout mice were embryonic lethal.  

Development of the vasculature of the yolk sack was diminished in comparison to control 

fetuses indicating that Foxo1 is an essential regulator of embryonic vessel formation.  

Furthermore, Foxo1 showed a high level of expression in developing vessels, and the 

physiological and temporal location of Foxo1 suggests that Foxo1 plays an important role 



15 
 

in the process of embryonic angiogenesis.  Foxo3a-null mice had age-dependent reduced 

fertility, indicating that Foxo3A is necessary for ovarian follicular development.  

Interestingly, Foxo4-null mice did not exhibit any noticeable phenotype.  Hosaka et al., 

suggest that it is possible that Foxo4-null mice may not respond normally to specific 

treatments which have not yet been determined or tested (39).  Moylan et al, established a 

function of Foxo4.  In C2C12 myotubes, Foxo4 was shown to mediate the upregulation 

of atrogin induced by tumor necrosis factor (TNF).  IGF/Akt/Foxo signaling was intact, 

but Foxo1 and Foxo3 were not affected by TNF treatment.  The only Foxo transcription 

factor affected by TNF was Foxo4 (40).  

There is evidence that the different Foxo isoforms are all regulated in the same ways and 

that they regulate transactivation in a redundant manner.  For instance, Foxo1, Foxo3A, 

and Foxo4 are all phosphorylated by Akt (5, 7, 41, 42).  In C2C12 cells that had been 

starved or treated with the synthetic glucocorticoid dexamethasone, two models of 

myotube atrophy, Foxo1, Foxo3, and Foxo4 all appeared to be phosphorylated and 

dephosphorylated in a similar manner.  Furthermore, the function of Foxo1 and Foxo4 

were reduced by expression of dominant negative Foxo3A (19).  In vivo, Foxo1 and 

Foxo3 also seem to respond similar to each other.  In the diaphragms of 12- and 24-

month old mice, nuclear Foxo1 and Foxo3A were decreased in comparison to the nuclear 

Foxo1 and Foxo3A found in the diaphragms of 2-month old mice.  However, Foxo4 

nuclear presence remained the same, indicating that Foxo1, Foxo3A, and Foxo4 are not 

completely redundant and are in part regulated differently (43).   

More recently, differences in both the function and regulation of the Foxo transcription 

factors have been highlighted.  Both Foxo1 and Foxo3a respond to nerve growth factor 
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(NGF) with nuclear efflux, but Foxo3A has been shown to be more sensitive to NGF than 

Foxo1 in PC12 cells.  Consistent with this, Foxo3A nuclear export occurred at a higher 

rate than that of Foxo1 (44). 

In skeletal muscle, the similarities and differences between expression of Foxo 

transcription factors were examined in depth.  Expression of Foxo1 and Foxo3 was 

upregulated in mouse gastrocnemius during starvation.  Foxo1 gene expression increased 

noticeably at 6 hours and peaked at 12 hours of starvation, returning to normal after 24 

hours of refeeding.  Foxo3 mRNA increased noticeably at 6 hours of starvation but did 

not peak until 24 hours of starvation and also returned to normal levels after 24 hours of 

refeeding.  Only a small change was seen in Foxo4 gene expression during starvation and 

refeeding.  During starvation, blood-glucocorticoid levels increase.  In response to 

glucocorticoid treatment, Foxo1 expression increased three-fold whereas Foxo3 and 

Foxo4 increased only slightly (1.3- and 1.6-fold respectively).  These results indicate that 

elevated glucocorticoids are sufficient to induce an increase in expression of Foxo 

isoforms to differing extents and are possibly directly responsible for the increase in Foxo 

expression in skeletal muscle that results from starvation (45).     

In summary, Foxo isoforms have similar DNA binding domains (DBD) and consensus 

binding sites, but not the same functions, as clearly demonstrated by the differences in 

phenotype of Foxo1, Foxo3A, and Foxo4 knockout mice (5, 39).  Overall, based on the 

diverse functions and differences in regulation, the Foxo proteins do not appear to be 

redundant.  How are the isoforms induced to regulate their different functions?  One 

answer is possibly difference in cell-type expression levels.  Another answer is binding 

partners that increase specificity or inhibit binding to specific promoter regions.  A third 
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possibility is that specific combinations of post-transcriptional modifications promote 

specific functions over others.  It is likely that a combination of the mentioned regulators 

and/or other factors control specificity of Foxo-induced protein expression. 

 

E.  Function 

Transcription factors from the forkhead family possess diverse function.  Foxo is a major 

player in many vital cellular functions such as cell proliferation, cell cycle, and cellular 

survival (6, 24, 46, 47).  In fact, Foxo1 is crucial to fetal development, and Foxo1 

knockout mice are embryonic lethal (39, 48). The importance of Foxo1 was also 

demonstrated using cre-mediated disruption of Foxo1 expression, thereby demonstrating 

its function as a tumor suppressor (39, 48).   Another example of crucial regulation by a 

forkhead family member is the athymic immunodeficient nude mouse.  This phenotype is 

due to a mutation in winged helix nude (49). 

 

F.  Roles of Foxo in muscle 

While the role of Foxo transcription factors in muscle is somewhat diverse- including 

regulation of muscle differentiation, glucose metabolism, angiogenesis, and skeletal 

muscle fiber type remodeling - its recognized primary importance is regulation of muscle 

atrophy.  Overexpression of Foxo1 in skeletal muscle results in decreased muscle size, 

decreased number of type I fibers, and impaired skeletal muscle function (38).  In 

addition, expression of Foxo1 is upregulated after fasting and under other stress 
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conditions in skeletal muscle (50).  Muscle atrophy, also referred to as muscle wasting, is 

characterized by a decrease in muscle mass due to a decrease in the size of muscle fibers, 

not the number of fibers.  Muscle atrophy results from bed rest, disuse, denervation, 

diseases such as AIDS and various forms of cancer, sepsis, and aging.  Therefore, skeletal 

muscle is a beneficial system in which to develop a Foxo1 model.  Here, we will briefly 

review the structure of skeletal muscle and then highlight the roles of Foxo in skeletal 

muscle as well as in smooth muscle. 

1.  Skeltelal muscle structure and muscle differentiation  

Skeletal muscle fibers are striated and polynucleated, with nuclei generally located on the 

periphery (Figure 1.6).  Flexor digitorum brevis (FDB) is composed primarily of fast 

twitch fibers. 

 

Figure 1.6  FDB fiber at different magnification.   

Striations are denoted with blue arrows and nuclei are identified with green circles.  Scale 
bars are 20 µm.   
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Foxo1 regulates the rate of fusion of differentiating primary myotubes and it targets the 

nucleus in myoblast differentiation in a manner that is Akt-dependent (24, 51).  Foxo1 

also affects muscle type expression.  In mice, overexpression of Foxo1 in skeletal muscle 

resulted in muscles that were whiter in color, indicating a decrease in slow-twitch 

muscles fibers.  In fact, histological studies showed a significant decrease in slow-twitch 

fibers.  Furthermore, these mice had decreased running wheel activity, indicating 

decreased endurance, consistent with reduced slow-twitch fiber expression (38).  

2.  Glucose metabolism  

Muscle is the most abundant tissue involved in glucose uptake, and thus is important in 

organismal glucose metabolism.  In C2C12 cells, gene expression of pyruvate 

dehydrogenase kinase 4 (PDK4), an important enzyme in the regulation of glucose 

consumption, was shown to be positively regulated by Foxo1, indicating the role of 

Foxo1 in regulation of energy metabolism (45). Interestingly, transgenic mice 

overexpressing Foxo1 specifically in skeletal muscle had impaired glycemic control after 

both oral glucose and intraperitoneal insulin injection (38). 

Expression of Foxo1 and Foxo3 is upregulated in mouse gastrocnemius during 24 hour 

starvation.  After 24 hours of refeeding, Foxo1 and Foxo3 gene expression returned to 

normal levels.  During starvation, blood-glucocorticoid levels increased.  In response to 

glucocorticoid treatment, Foxo1 expression increased three-fold and Foxo3 and Foxo4 

increased slightly, as well.  These results indicate that elevated glucocorticoids are 

sufficient to increase expression of Foxo transcription factors and may be directly 
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responsible for the increase in Foxo expression that results in skeletal muscle from 

starvation (45). 

3.  Age-dependent activity  

Muscle atrophy is a major symptom of aging, and thus age-dependent activity of Foxo is 

of interest.  The role of the Foxo transcription factors in aging was explored by Furuyama 

et al.  They determined that Foxo3A and Foxo4 mRNA were elevated in the skeletal 

muscle of 6 month old rats in comparison to 3 and 26 month old rats; however no change 

in the Foxo1 mRNA levels with age was detected.  They concluded that the caloric 

restriction-induced increase in Foxo1 and Foxo4 mRNA can decrease aging (52). 

In the mouse diaphragm, DNA binding activity is regulated by both age and mechanical 

stimulation.  Pardo et al. determined that DNA binding activity of Foxo1 and Foxo3A 

were significantly reduced in the diaphragms of 2-month old mice that had undergone 

constant mechanical stretch to 2.22 g/cm for 15 minutes compared to in the diaphragms 

of control mice which had not been stretched.  However, this decrease in activity was not 

seen in the diaphragms of 24-month old mice after 15 minutes of constant mechanical 

stretch.  Furthermore, basal DNA-binding activity of Foxo1 and Foxo3A were lower in 

the diaphragms of 24-month old mice than in those of 2 month old mice, demonstrating 

the age-sensitivity of Foxo1 and Foxo3A in the diaphragm (43).   

Temporal regulation is seen not only in the diaphragm.  Foxo1 is highly expressed in 

developing blood vessels.  At E9.5, Foxo1-null mice vasculature showed immature 

development, indicating that Foxo1 plays an important role in embryonic angiogenesis, 
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but not in the initial vasculogenesis.  The age-dependent reduced fertility of Foxo3A-null 

mice is another example of the importance of temporal regulation of Foxo (39).   

4.  Muscle Atrophy  

Muscle atrophy is characterized by a decrease in overall muscle size due to a reduction in 

the size of individual fibers.  Both Foxo1 and Foxo3A control the delicate balance 

between muscle atrophy and muscle hypertrophy.  In transgenic mice overexpressing 

Foxo1 selectively in skeletal muscle, lower net body mass and smaller muscles were 

observed, demonstrating Foxo1 to be sufficient to induce muscle atrophy (38).  

Overexpression of Foxo3A, in both C2C12 myotubes and tibialis anterior fibers induced 

atrophy, whereas expression of dominant negative Foxo3A prevented muscle atrophy 

(19).  Foxo1 has also been shown to mediate muscle atrophy in both DNA binding-

dependent and binding–independent manners (53). 

Two major pathways mediate the proteolysis which underlies muscle atrophy: the 

ubiquitin/proteasomal pathway and the autophagic/lysosomal pathway.  In the 

ubiquitin/proteasomal pathway, proteins are tagged with ubiquitin and thus marked for 

subsequent proteasomal degradation (54).  In the lysosomal pathway, portions of the cell 

are enclosed in vacuoles called autophagosomes.  Autophagosomes fuse with lysosomes 

and degradation occurs via lysosomal hydrolases (55). 

Two E3 ubiquitin ligases, atrogin-1 (MAFbx) and MuRF1, were determined to be 

necessary to Foxo regulation of muscle atrophy (56).  E3 ubiquitin ligases are part of the 

ubiquitin/proteasomal pathway and catalyze the attachment of ubiquitin to proteins, thus 

marking them for degradation (57).  Therefore, Foxo is often referred to as a part of the 
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ubiquitin/proteasomal pathway.  However, increased expression of the lysosomal 

proteinase Cathepsin L in transgenic mice overexpressing Foxo1 selectively in skeletal 

muscle indicates that the cause for the decrease in size of muscle fibers is lysosomal 

protein degradation (38).  Foxo3 has been shown to regulate the transcription of LC3 and 

Bnip3, two autophagy genes, providing further evidence of the role of lysosomal 

degradation in Foxo-mediated atrophy.  Foxo3 controls both the ubiquitin/proteasomal 

pathway and the autophagic/lysosomal pathway independently (25).  Caspases (58) and 

calpains (59) may play a role in proteolysis leading to atrophy, as well.  However, 

lysosomal and proteasomal degradation account for approximately 90% of proteolysis 

occurring in atrophying muscle, indicating that any effect that caspases and calpains have 

is minimal (60).  While Foxo3 controls both the ubiquitin/proteasomal pathway and the 

autophagic/lysosomal pathway independently (25), lysosomal degradation accounts for 

the greater portion of proteolysis which occurs in Foxo3-induced muscle atrophy (60).   

5.  Excitation-contraction coupling  

The method by which electrical stimulation of a muscle fiber is converted to muscle 

contraction is termed excitation-contraction (EC) coupling.  This process includes the 

depolarization of the cell membrane, internal changes in the Dihydropyridine receptors 

(DHPRs) which are mechanically coupled with skeletal muscle Ryanodine receptor Ca2+ 

channels (RyR1), and induction of rapid Ca2+ release from the sarcoplasmic reticulum 

(SR) into the cytosol via RyR1 (61-63).  Depolarization of the fiber causes an action 

potential which is propagated both radially and inwardly, primarily via charge movement 

through Nav1.4, the sodium channel skeletal muscle isoform, all along the sarcolemma 

and through the transverse (T-) tubule system of the fiber (64, 65).   
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G.  Clinical implications 

The Foxo pathway leads to activation of atrogenes such as atrogin-1 and MuRF-1 (19, 53, 

56).  Although the pathway for Foxo1 regulation has been explored in depth in many 

muscle and non-muscle tissue types, the extent and kinetics of its nuclear-cytoplasmic 

redistribution in response to various physiological, pathological, and pharmacological 

stimuli has not been fully defined in skeletal muscle, where the mechanism underlying 

muscle atrophy is of therapeutic interest.  Many kinases which are active in the 

phosphorylation of Foxo1 have been identified in different cell types, but their location 

and nuclear or cytoplasmic activity have not been investigated in muscle or other cell 

types.  Further characterization of this pathway may help in the development of new 

therapeutic avenues to minimize, and possibly treat, skeletal muscle atrophy in diseases 

such as sepsis, severe insulinopenia, HIV, and particularly age-related muscle atrophy. 
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CHAPTER 2 

K INETICS OF NUCLEAR -CYTOPLASMIC TRANSLOCATION OF FOXO1 AND 

FOXO3A IN ADULT SKELETAL MUSCLE FIBERS  

 

The information contained in this chapter was published in American Journal of 

Physiology- Cell Physiology.  As first author, I carried out the experiments and their 

analysis.  Together with Drs Tiansheng Shen and Martin Schneider, the experiments were 

planned and interpreted.  

 

A.  INTRODUCTION 

The Fox (forkhead box) transcription factor superfamily, including the Foxo family, is 

characterized by a common 100-residue DNA-binding domain known as the forkhead 

domain.  Foxo is an evolutionarily conserved transcription factor family that is a major 
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player in many vital cellular functions such as cell proliferation, cell cycle, and cellular 

survival (6, 46).  There are 4 members of the forkhead transcription factor family in 

humans; Foxo1, Foxo3A, Foxo4, and Foxo6.  These are all expressed in skeletal muscle 

except Foxo6 which is mainly expressed in the brain (37).  In adult mice, Foxo1 is 

expressed in many tissue types but most strongly in ovary and uterus tissue, Foxo3 (the 

murine ortholog of Foxo3A) is expressed in all tissue types studied in Biggs et al., 2001, 

whereas Foxo4 is only expressed in skeletal muscle (5).  However, Foxo1 and Foxo3A 

are the forkhead transcription factors associated with muscle atrophy and upregulation of 

either one individually has been shown to be sufficient to induce muscle atrophy (19, 38).  

Foxo1 knockout mice are embryonic lethal and cre-mediated disruption of Foxo1 

expression indicates that Foxo1 acts as a tumor suppressor (39, 48).  In muscle, Foxo1 

has been shown to regulate myotube differentiation and skeletal muscle fiber type 

remodeling (24, 47).  Activation of the Foxo pathway leads to expression of atrogene 

products atrogin-1/MAFbx and MuRF-1, proteins that are integral to the development of 

muscle atrophy (19, 53, 56).   

The phosphorylation status of Foxo regulates its nuclear entry and activation of 

atrogenes.  Foxo1 has three highly conserved Akt (also known as protein kinase B, PKB) 

phosphorylation sites; Thr-24, Ser-256, and Ser-319; in human Foxo1 (6-8).  Many 

growth stimuli, such as insulin-like growth factor- (IGF) 1, can bind to membrane-bound 

receptors which activate phosphatidylinositol-3-kinase (PI3K) and subsequently Akt (21, 

22).  Although the primary regulation of Foxo occurs through Akt-mediated 

phosphorylation, serum- and glucocorticoid-inducible kinase (SGK) has the ability to 

phosphorylate these residues as well.  Casein kinase 1 (CK1), DYRK1A, and other 
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kinases have different recognized phosphorylation sites (10-12).  Ser-256, which is 

phosphorylated by Akt, is located in a basic region at the C-terminal end of the DNA 

binding domain (DBD) that has been shown to function as a nuclear localization signal 

(NLS; reference 15).  There is a leucine-rich nuclear export signal (NES) in the region C-

terminal to the DBD of Foxo1.  In FL5.12 and NIH 3T3 cell lines, phosphorylated Foxo1 

can be dephoshosphorylated by PP2A, a serine/threonine phosphatase, allowing Foxo1 to 

enter the nucleus.  Okadaic acid (OA), a PP2A inhibitor, prevents this dephosphorylation, 

thereby inhibiting the nuclear influx of Foxo1 (14).  

Although the pathway for Foxo1 regulation has been explored in depth in many muscle 

and non-muscle tissue types, the extent and kinetics of its nuclear-cytoplasmic 

redistribution in response to various physiological, pathological, and pharmacological 

stimuli has not been fully defined in skeletal muscle, where the mechanism underlying 

muscle atrophy is of therapeutic interest.  Further characterization of this pathway strives 

to aid in the development of new therapeutic avenues to minimize, and possibly treat, 

skeletal muscle atrophy in diseases such as sepsis, severe insulinopenia, HIV, as well as 

age-related muscle atrophy (14). 

Here, we use confocal microscopy to image adenovirally expressed Foxo1-GFP 

(adFoxo1-GFP) or Foxo3A-GFP (adFoxo3A-GFP) in living cultured adult skeletal 

muscle fibers to determine the kinetics of their nuclear-cytoplasmic translocation and 

what factors affect theses kinetics.  We demonstrate that under resting conditions Foxo1 

is cycling into and out of the nucleus rapidly, but Foxo3A is cycling 20 times slower.  

Nuclear entry of Foxo1 can be blocked by activation of the IGF-1/PI3K/Akt pathway or 

by inhibition of the phosphatase PP2A.  Leptomycin B (LMB) irreversibly binds to 
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chromosome region maintenance 1 (CRM1) and inhibits nuclear efflux of Foxo1, thereby 

enabling the calculation of the rates of unidirectional nuclear influx under conditions with 

different levels of phosphorylation of Foxo1.  Comparison of the responses of 

endogenous Foxo1 and adenovirally expressed Foxo1-GFP to the treatments described 

above identifies our model system as being an accurate and useful tool in the kinetic 

study of changes in subcellular distribution of Foxo1 in skeletal muscle fibers. 

 

B.  METHODS 

1.  Materials 

 Okadaic acid, staurosporine, and IGF-1 were purchased from Sigma Aldrich (St. Louis, 

MO) and Leptomycin B from LC Laboratories (Woburn, MA).  The Akt inhibitor Akt-I-

1,2 and the PI3K inhibitor LY294002 were obtained from Calbiochem (Darmstadt, 

Germany).  

2.  Isolation and culture of adult FDB muscle fibers 

 The flexor digitorum brevis (FDB) was isolated from adult female CD1 mice (4-6 weeks 

old).  Animals were euthanized by asphyxiation via CO2 followed by cervical dislocation 

according to protocols approved by the University of Maryland Institutional Animal Care 

and Use Committee.  Individual fibers were enzymatically dissociated and cultured using 

a modified protocol previously described in Liu et al, 2009 (66).  Briefly, the muscle was 

incubated in MEM (Invitrogen, Carlsbad, CA) containing 3.5 µg/ml Collagenase type I 

(Sigma-Aldrich), 10% FBS, and 50 µg/ml gentamicin for 2 hours at 37˚ to enzymatically 
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dissociate the muscle.  Manual manipulation to separate individual fibers was done by 

triturating the muscle gently in media containing no collagenase.  Approximately 50 

fibers were then plated in a laminin-coated glass-bottomed dish. 

3.  Adenoviral infection of cultured FDB fibers 

Fibers were plated in 2 ml serum-free MEM with 9.2 x 104 PFU/µl adFoxo1-GFP or 4.8 x 

103 PFU/µl adFoxo3A-GFP lysate and incubated for 48-72 hours.  The adenovirus 

encoding Foxo1-GFP was a gift from Dr. Joseph Hill (University of Texas Southwestern 

Medical Center, reference 67) and the Foxo3A-GFP adenovirus was purchased from 

Applied Biological Materials (Richmond, British Columbia, Canada; catalog #000420A).  

Both adenoviruses were amplified in our lab.  In both constructs, the GFP fusion tag is 

attached at the C-terminal of Foxo. 

4.  Confocal fluorescence imaging of living cultured adult muscle fibers 

Half hour prior to imaging, the culture dish was removed from the incubator and the 

culture media was removed and replaced with L-15 media (Invitrogen).  The culture dish 

was then set on the stage of an Olympus IX70 inverted microscope equipped with an 

Olympus FLUOVIEW 500 laser scanning confocal imaging system, with excitation 

wave-lengths of 488 nm and 647 nm.  Fibers were viewed with an Olympus 60X/1.2 NA 

water-immersion objective and scanned at zoom 3 (except Figures 2.1A-B and 2.3A-B 

which were scanned at zoom 1) using consistent laser output and gain.  Then, 30 minutes 

after media change to L-15, images were taken for 30 minutes at 10 minute increments to 

establish a stable baseline in each individual fiber.  After the last baseline image was 

taken, LMB or other treatment was added to the dish and time was set to begin from 0 
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minutes at that point.  Once the experiment began, the medium was not removed at any 

point; only additions of small volumes of reagents were made. 

In cases of strong nuclear uptake of Foxo1-GFP, including the fiber in Figure 2.3B, the 

nuclei of the fiber reached saturation of our detection system using the control laser 

intensity.  Therefore, continued imaging used decreased laser intensity to avoid nuclear 

saturation.  However, the images shown in Figure 2.3 were taken at the original laser 

intensity with saturated nuclei for qualitative comparison to show the overall extent of the 

effect.  The change in laser intensity when saturation occurs does not affect our 

quantification of nuclear concentration because we calculate the nuclear concentration as 

a nuclear to cytoplasmic fluorescence ratio, and both the nuclear and cytoplasmic 

fluorescence are affected by the same percent by change in laser intensity. 

5.  Image analysis 

The mean pixel fluorescence of the cytoplasm and nucleus from each image was 

quantified using an area of interest in Image J as indicated in Figures 2.3A and 2.3C, 

and then the background mean pixel fluorescence was subtracted from each.  The ratio of 

nuclear mean pixel fluorescence to cytoplasmic mean pixel fluorescence (n/c) is 

calculated for each time point to allow comparison of nuclear fluorescence independent 

of expression levels of Foxo1-GFP and should be proportionate to nuclear concentration 

normalized to cytoplasmic level of expression.  Student’s t-tests were used for 

comparisons of data obtained from two experimental conditions, and differences were 

considered significant if p < 0.05. 
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6.  Fluorescence immunocytochemistry 

Fluorescence immunocytochemistry was carried out as in Shen et al. (68).  Briefly, fibers 

were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton-X-100 in PBS, 

and then blocked with 5% normal goat serum.  Fibers were incubated with anti-Foxo1 

(Cell Signaling, #2880), anti-α-actinin (Sigma), or anti-nucleophosmin (Zymed, San 

Francisco, CA) overnight followed by overnight incubation with a fluorescent-tagged 

secondary antibody.  The stained fibers were imaged using the confocal microscope and 

lasers described above.  Colocalization of immunofluorescence images were merged, 

mean pixel fluorescence measured as a function of distance for tracings, and enhanced 

using Image J.  No other image in this paper was enhanced. 

7.  Western blotting 

Protein extraction and western blotting techniques were performed as described in Shen 

et al. (69).  Briefly, FDB were cultured for 2 days and then treated for 80 minutes as 

indicated.  Fibers were then collected and mixed with M-PER (Thermo Scientific, 

Rockford, IL) and a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN) and 

passed  through a 21 gauge syringe several times, followed by high speed centrifugation.  

The supernatant was combined with sample reducing agent and LDS sample buffer 

(Invitrogen), heated at 70° for 10 min, and run on a NuPAGE Novex 4-12% Bis- Tris gel 

(Invitrogen).  Proteins were transferred to a PVDF membrane.  Akt antibody (Cell 

Signaling, #9271) and phosphospecific Akt antibody (Cell Signaling, #9271) were used 

and the membrane was then treated with ECL and film was exposed and developed. 
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C.  RESULTS 

1.  Adenovirally expressed Foxo1-GFP is distributed in a manner consistent 

with endogenous Foxo1 in adult muscle fibers 

To establish a live adult muscle fiber system to explore the phosphorylation dependency 

of the kinetics of Foxo1 nuclear-cytoplasmic translocation in skeletal muscle, we infected 

cultured adult FDB fibers with an adenovirus coding for Foxo1-GFP, which can be 

tracked quantitatively in subcellular regions of living muscle fibers using fluorescence 

confocal microscopy.  To validate this system, we first compared the sarcomeric 

localization as well as nuclear-cytoplasmic distribution of endogenous Foxo1 to that of 

adenovirally expressed Foxo1-GFP (Figure 2.1).  Using immunocytochemistry we 

established the subsarcomeric colocalization of endogenous Foxo1 with α-actinin 

(Figure 2.1A, right panel), a well-established Z-line protein.  Foxo1-GFP also 

colocalized with α-actinin (Figure 2.1B, right panel), demonstrating consistent Z-line 

localization of both expressed Foxo1-GFP and endogenous Foxo1.  In agreement with 

these findings, antibody staining of Foxo1 and the fluorescence of Foxo1-GFP in fibers 

expressing Foxo1-GFP displayed colocalization (data not shown).    Under resting 

conditions, Foxo1-GFP is also present in the nuclei in a generally diffuse pattern (Figure 

2.1B, left panel), but does not enter the nucleolus (data not shown).    
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Figure 2.1  Subsarcomeric distribution of endogenous Foxo1 and exogenous Foxo1-
GFP.   

Representative confocal images of immunocytochemistry assays of endogenous Foxo1 
(A) and fluorescence of Foxo1-GFP (B) with α-actinin establish its Z-line localization.  
Each top figure shows a large section of a fiber with a red square indicating the segment 
of the fiber that is magnified below it.  Below each enlarged region is a graph 
demonstrating the total fluorescence of the enlarged region as a function of distance as 
detailed on the x-axis.  Scale bars are 10 µm.  
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We next compared the nuclear/cytoplasmic mean pixel fluorescence (n/c) ratios of 

immuno-stained Foxo1-GFP and endogenous Foxo1 under control conditions.  The 

normalization to cytoplasmic levels provides a means of comparing the concentrations of 

nuclear Foxo1 in a manner that is not expression-dependent.  The n/c ratios attained using 

immunocytochemistry of endogenous Foxo1 agreed very closely with n/c ratios of 

immuno-stained Foxo1-GFP under control conditions (Figure 2.2A).  

 

Figure 2.2  Nuclear/cytoplasmic fluorescence ratios of expressed Foxo1-GFP and 
endogenous Foxo1. 

 (A) Quantification of nuclear/cytoplasmic fluorescence ratios (n/c) of Foxo1-GFP 
(n=16/20) in black and antibody stain for endogenous Foxo1 (n=16/22) in red showing 
nuclear/cytoplasmic distribution to be comparable under control conditions as determined 
using immunocytochemistry. (B) Foxo1-GFP (n=20) is determined to be expressed at a 
level 7-fold that of endogenous Foxo1 (n=22).  Data are represented as means ± SE.  

 

To further characterize our conditions, we compared the cytoplasmic anti-Foxo1 

fluorescence levels in fibers expressing Foxo1-GFP and in non-infected control fibers.  

We treated both sets of fibers with anti-Foxo1 primary antibody and conjugated Alexa-
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647 secondary antibody (which does not interfere with GFP emissions) and found that the 

total Foxo1 cytoplasmic concentration in infected fibers was approximately 7-fold that of 

uninfected fibers (Figure 2.2B).  A typical area of interest used for determining the mean 

pixel fluorescence of the cytoplasm in a confocal image for a given fiber is shown in red 

in the left image in Figure 2.3A and that for a nucleus is shown in red in Figure 2.3C. 

 

Figure 2.3  Broad spectrum kinase inhibitor staurosporine promotes Foxo1 nuclear 
entry. 

Representative confocal images of single fibers at 0 and 80 minutes of IGF-1 (A) or 
staurosporine (B) treatments, as labeled.  Red arrows point to nuclei. Over 80 minutes of 
IGF-1 treatment the nuclear concentration of Foxo1 nuclei decreases visibly whereas the 
nuclei of the fiber treated with staurosporine increase to the point of saturation.  The red 
box indicates an average cytoplasmic region used to quantify cytoplasmic fluorescence.  
Scale bars are 20 µm.   Magnification of individual nuclei from control fibers, a fiber 
treated with IGF-1 (C), and a fiber treated with staurosporine (D), as labeled.  The 
fluorescence of the control nuclei increase very slightly whereas IGF-1 treatment causes a 
decrease in nuclear fluorescence and staurosporine treatment causes an increase in 
nuclear fluorescence.  The red outline in panel C indicates the nuclear region used to 
quantify nuclear fluorescence.  Scale bars are 5 µm.  
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The similarity in sarcomeric localization and nuclear-cytoplasmic distribution of 

expressed Foxo1-GFP and endogenous Foxo1, coupled with consistency in response to 

phosphorylating and dephosphorylating agents (see Figure 2.4, below) leads us to 

conclude that adenovirally expressed Foxo1-GFP is a good model for endogenous Foxo1.  

The system of adenovirally expressed Foxo1-GFP in cultured adult skeletal muscle fibers 

is thus a useful tool for real-time monitoring of kinetics of translocation of Foxo1 in live 

cells in a quantitative manner. 

2.  Nuclear-cytoplasmic movements of Foxo1 are kinase-dependent 

Under the standard  conditions used for these studies, fibers exposed to adenovirus 

Foxo1-GFP were cultured in serum-free media without added growth factors for 48 to 72 

hours.  The media was then changed to L-15 imaging media (as described in the 

materials and methods section above) with no added growth factors or serum.  Treatment 

with 100 ng/ml IGF-1, a concentration that produces both mytogenic and myogenic 

responses in cultured myoblasts (70), caused a rapid and marked reduction in the 

concentration of nuclear Foxo1-GFP (Figures 2.3A and C).  After 20 minutes of IGF-1 

treatment, nuclear/cytoplasmic Foxo1-GFP decreased to 20% of control, and by 40 

minutes reached a steady level of 10% of control (Figure 2.4A, red line).  In 

comparison, a gradual increase in nuclear/cytoplasmic fluorescence of Foxo1-GFP was 

observed over the same time period in control fibers where no changes were made to the 

medium bathing the fibers (Figures 2.4A-D, black line).  This slow increase in 

nuclear/cytoplasmic Foxo1-GFP fluorescence is likely due to the previous removal of the 

culture media, which presumably contained secreted autocrine/paracrine growth factors 

produced by fibers during the 48-72 hours of fiber culture (71), and the subsequent 
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addition of growth factor-free imaging media. The cytoplasmic fluorescence showed little 

change with time when IGF-1 was included in the imaging media (data not shown).  

 

Figure 2.4  IGF-1 promotes reduction of nuclear Foxo1, whereas staurosporine and 
inhibitors of PI3K and Akt increase nuclear Foxo1. 

(A) 100 ng/ml IGF-1 treatment causes a decrease in nuclear/cytoplasmic fluorescence 
ratio (n/c) of Foxo1 (n=4) over time in comparison to control fibers (n=4).  (B) Treatment 
with 1 µM staurosporine (n=4) causes an increase in n/c Foxo1 above control levels (n=5) 
indicating kinase-dependency of Foxo1 cytoplasmic retention.  Inhibition of PI3K (C) via 
LY294002 (n=4; control n=4) or inhibition of Akt (D) by Akt-I-1,2 (n=4; control n=7) 
increases the concentration of nuclear Foxo1.  This indicates that the activity of PI3K and 
Akt are individually necessary for cytoplasmic retention of Foxo1.  (E) Treatment with 
staurosporine (stauro), LY294002, and Akt-I-1,2 inhibited phosphorylation of Akt 
whereas IGF treatment increased phosphorylation of Akt as demonstrated with western 
blotting techniques for Akt and Akt phosphorylated at S473.  Bar graphs of relative 
increase of nuclear Foxo1 as a fraction of control conditions in Foxo1-GFP (F) and 
endogenous Foxo1 (G) after 80 minutes control (endogenous n=26; Foxo1-GFP n=19) or 
80 minutes treatments with IGF-1 (endogenous n=27; Foxo1-GFP n=4), staurosporine 
(endogenous n=23; Foxo1-GFP n=3), or Akt-I-1,2 (endogenous n=29; Foxo1-GFP n=6) 
as labeled.  Autofluorescence and background values were subtracted from endogenous 
nuclear and cytoplasmic fluorescence values.   Data are represented as means ± SE. 
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Treatment with 1 µM staurosporine, a non-specific kinase inhibitor, had the opposite 

effect from IGF-1; it caused a rapid increase in nuclear Foxo1 (Figures 2.3B, 2.3D, and 

2.4B).  After 20 minutes, the nuclear concentration of Foxo1 increased by 40%, and over 

80 minutes it increased by 144% (Figure 2.4B).  The opposite changes in nuclear Foxo1-

GFP in response to treatment with IGF-1, an upstream activator of several kinases 

including Akt, and staurosporine, a non-specific kinase inhibitor, demonstrate the 

phosphorylation dependence of nuclear fluxes of Foxo1. 

3.  PI3K/Akt pathway is necessary for Foxo1 phosphorylation 

In order to determine the pathway(s) involved in the phosphorylation of Foxo1, which 

regulates the nuclear cytoplasmic fluxes of Foxo1, we employed specific kinase 

inhibitors.  25 µM LY294002, a specific PI3K inhibitor, induced an increase in nuclear 

Foxo1-GFP within 40 minutes (Figure 2.4C).  Akt-I-1,2 is a selective inhibitor of Akt 1 

and Akt 2 that does not cause significant inhibition of other kinases with the exception of 

CaMK1, a kinase which, to our knowledge, does not affect the phosphorylation status of 

Foxo1 (72, 73).  1 µM Akt inhibitor, Akt-I-1,2 (Figure 2.4D), also caused an increase in 

nuclear Foxo1-GFP.  As determined by western blot and a phospho-specific Akt 

antibody, 80 minutes of treatment with staurosporine, LY294002, or Akt-I-1,2 each 

efficiently inhibited phosphorylation of Akt (Figure 2.4E).  These data indicate that the 

PI3K/Akt pathway is necessary to block Foxo1 nuclear entry. 

We also compared the relative values of n/c ratios obtained for Foxo1-GFP and for 

endogenous Foxo1 under control conditions to n/c ratios in the presence of 

phosphorylating agents and phosphorylation inhibitors, and determined that the ratios are 
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similar under the same condition, further validating the use of exogenous Foxo1-GFP to 

monitor Foxo1 movement in living fibers (Figures 2.4F-G).   

4.  Inhibition of PP2A via Okadaic acid decreases nuclear Foxo1  

The phosphatase PP2A has been shown to directly dephosphorylate Foxo1 in the FL5.12 

cell line expressing doxycycline-inducible wild type Foxo1 (14).  Treatment of cultured 

muscle fibers with 100 nM okadiac acid (OA), a selective inhibitor of the PP2A class of 

phosphatases at this concentration (74), drastically reduced nuclear Foxo1 and inhibited 

the increase in nuclear Foxo1 that occurs with time in control fibers (Figure 2.5A-B), 

implicating PP2A as a Foxo1 phosphatase in skeletal muscle.  

 

Figure 2.5  PP2A inhibitor okadaic acid reduces Foxo1-GFP nuclear influx. 

(A) Representative confocal images of two fibers at 0 and 80 minutes of 100 nM OA 
treatment (bottom panels) or under control conditions (top panels).  Scale bars are 5 µm.  
(B) Quantification of nuclear/cytoplasmic fluorescence ratio (n/c) Foxo1-GFP versus 
time during 100 nM OA (n=5) or control (n=4) treatment demonstrates OA ability to 
decrease nuclear Foxo1.  Data are represented as means ± SE.   
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5.  Nuclear-cytoplasmic shuttling of Foxo1 

The results presented thus far show changes in net nuclear Foxo1 resulting from 

differences between nuclear influx and efflux of Foxo1.  However, the magnitudes of the 

simultaneously occurring nuclear efflux and influx underlying the observed net flux was 

not determined.  Treatment with a maximally effective concentration of LMB, an 

irreversible inhibitor of the export carrier CRM1, should eliminate nuclear export of 

Foxo1. Under this condition, the time course of the resulting buildup of nuclear Foxo1 

would then occur at a rate equal to its rate of unidirectional flux out of the cytoplasm and 

into the nucleus.  Therefore, using LMB we can calculate the rate of nuclear influx of 

Foxo1 under various conditions.  Under resting conditions, nuclear influx of Foxo1-GFP 

occurs at a fast pace in LMB - during 80 minutes of exposure to 40 nM LMB, nuclear 

Foxo1 increased 10 fold (Figures 2.6 A-B).  Because there is no substantial buildup of 

Foxo1 without LMB under the same (control) conditions, we conclude that fast shuttling 

of Foxo1 into and out of the nucleus occurs in the absence of LMB.  20, 40, and 80 nM 

LMB induced the same rate of nuclear buildup of Foxo1, indicating that CRM-1 is 

maximally inhibited by 40 nM LMB under these conditions (Figure 2.6C).   
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Figure 2.6  Leptomycin B eliminates nuclear efflux of Foxo1 and allows direct 
measurement of the unidirectional rate of nuclear influx of Foxo1. 

(A) Representative confocal images of a single muscle fiber treated with 40 nM LMB for 
the time indicated.  Nuclear Foxo1 increases with LMB treatment.  Due to saturation, 
laser intensity was decreased for the second image.  Nuclear/cytoplasmic fluorescence 
(n/c) ratio is used to measure nuclear Foxo1 in an expression independent manner and to 
normalize for the change in laser intensity.  Scale bar is 5 µm.  (B) Quantification of the 
increase in nuclear Foxo1 in control (n=5) and LMB-treated (n=5) fibers.  (C) Time 
course of the effects of 20 (n=7), 40 (n=5), and 80 (n=7) nM LMB treatment on Foxo1 
n/c.  (D) As the nuclear concentration of Foxo1 increases with LMB treatment the 
cytoplasmic concentration decreases (n=12). (E) Addition of 100 nM OA in tandem with 
40 nM LMB (n=3) prevents the buildup of nuclear Foxo1 in comparison to that seen in 
LMB-treated fibers (n=5).  Data represented as means ± SE.   

 

In contrast to our studies without LMB, where Foxo1-GFP is not strongly accumulated in 

the muscle fiber nuclei, during LMB treatment Foxo1-GFP can become highly 

concentrated in the nuclei and the cytoplasmic Foxo1-GFP fluorescence visibly 

decreases.  Over 80 minutes of LMB treatment, the cytoplasmic fluorescence is reduced 
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by about half (Figure 2.6D), whereas in control conditions without LMB treatment, the 

cytoplasmic fluorescence does not change noticeably (data not shown).   

By conservation of mass, 

      ∆c Vc = -∆n Vn ,   (1) 

where ∆c and ∆n are the coreresponding changes in c and n when a given amount of 

Foxo1-GFP moves between the cytoplasm and the nuclei of a muscle fiber and Vc and Vn 

are the cytoplasmic and nuclear volumes.  The mean value of -∆c/∆n obtained from 11 

fibers exposed to LMB for 80 minutes was 0.05 +/- 0.001, which equals the mean value 

of Vn/Vc in these muscle fibers. 

6.  Role of cytoplasmic phosphatase 

The PP2A inhibitor OA induces a decrease in nuclear Foxo1 in the absence of LMB 

(Figures 2.5A-B).  To determine the manner in which this nuclear decrease occurs, fibers 

were or were not pretreated with OA for 30 minutes, followed by the addition of LMB.  

Using LMB to determine the rate of nuclear import of Foxo1, we established that OA 

effectively inhibits nuclear influx of Foxo1 (Figure 2.6E).  During 60 minutes of OA and 

LMB treatment, the nuclear concentration of Foxo1 increased linearly with a slope of 

0.04 n/c per minute in comparison to control fibers treated with only LMB, where the 

slope was 0.19 n/c per minute (Figure 2.6E).  After 60 minutes of OA and LMB 

treatment, nuclear Foxo1 became constant.  In contrast, in fibers treated with LMB alone, 

n/c continued to increase linearly during 60 minutes of LMB exposure, and showed a 

more than 10 fold increase over that of the nuclear concentration at 0 minutes, the point 

of addition of LMB (Figure 2.6E).  Based on these data, we conclude that Foxo1 nuclear 
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import is induced by cytoplasmic dephosphorylation of Foxo1 via an OA-sensitive 

phosphatase, presumably PP2A. 

7.  Near balance between relatively large nuclear influx and nuclear efflux 

under resting conditions 

In previous studies from our own and other laboratories, the observation of a rapid net 

nuclear influx during application of the CRM1-dependent nuclear efflux blocker LMB 

has been taken as evidence for the presence of relatively large, but near balanced nuclear 

influx and efflux prior to the addition of LMB (6, 46, 75).  However, we are unaware of 

any previous reports of direct comparison of unidirectional influx and efflux rates under 

conditions of such nuclear-cytoplasmic shuttling of any molecule in any cell type.  We 

therefore carried out experiments to directly address this point using our muscle fiber 

culture system.  In order to improve time resolution, in these studies we used more 

frequent image acquisition, now at 2 minute intervals, compared to the preceding results 

which were based on images acquired at 10 or 20 minute intervals.  We first monitored 

fibers under control conditions, and then added either a maximally blocking 

concentration of LMB (Figure 2.7, red line) or a highly effective concentration of IGF-1 

(Figure 2.7, black line).  The increase in nuclear Foxo1-GFP due to LMB addition 

begins with little delay, as expected for a direct, diffusion-limited pharmacological block 

of the nuclear export system by LMB.  Subsequently, the nuclear accumulation of Foxo1 

continues at a constant rate for the 40 minute recording interval after LMB addition.  In 

contrast, the decrease in nuclear Foxo1-GFP on addition of IGF-1 begins with a clear 

time lag.  This is as expected for the occurrence of a multi step signaling cascade initiated 

by IGF-1, but accomplished by the sequential activation of IGFR, PI3K and Akt, leading 
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to the eventual phosphorylation of Foxo1, which eliminates Foxo1 nuclear influx and 

promotes Foxo1 net nuclear efflux.   

 

Figure 2.7  Nuclear-cytoplasmic shuttling of Foxo1-GFP.   

After 10 minutes of imaging at 2 minute increments to attain a baseline value of the 
nuclear/cytoplasmic ration (n/c), fibers were treated with either 100 ng/ml IGF-1 (black 
line; n=5 nuclei from 4 fibers) or 40 nM LMB (red line; n=5 nuclei from 4 fibers)  to 
prevent nuclear influx or efflux, respectively.  The unidirectional rates of nuclear influx 
(0.16 +/- 0.03 n/c per min) and efflux (0.12 +/- 0.03 n/c per min) were calculated as the 
linear slope from 10 to 20 minutes of treatment. 

 

In order to obtain a rough measure of the unidirectional flux rates under control 

conditions in Figure 2.7 we used the mean flux rate from 10 to 20 min after reagent 
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addition. This gives a unidirectional influx rate of 0.16 +/- 0.03 n/c per minute (mean +/- 

SE) in 9 nuclei from 8 fibers from 2 experiments as in Figure 2.7 in the presence of 

LMB, and a unidirectional efflux rate of 0.12 +/- 0.03 n/c per minute in 10 nuclei from 8 

fibers in 2 other experiments in the presence of IGF-1.  Assuming these unidirectional 

flux rates to apply to the control period prior to drug addition, the influx rate slightly 

exceeds the efflux rate, and would predict a relatively slow but systematic net influx of 

Foxo1 at a rate of 0.04 n/c per minute under control conditions prior to drug addition in 

Figure 2.7.  This predicted value of net nuclear influx agrees very closely with the 

experimentally measured slopes of 0.04 +/- 0.01 and 0.03 +/- 0.02 n/c per minute 

obtained prior to addition of LMB or IGF-1, respectively.   

8.  Nuclear cytoplasmic shuttling is much slower for Foxo3A than for Foxo1 

In a few experiments we examined the  nuclear-cytoplasmic distribution and shuttling of 

Foxo3A in comparison to Foxo1.  Under control conditions, the addition of LMB causes 

the nuclear fluorescence due to Foxo3A to continuously increase with time, indicating a 

constant rate of Foxo3A-GFP unidirectional nuclear influx.  The rate of nuclear influx of 

Foxo3A in LMB then approximately doubled with the inhibition of Akt (Figure 2.8A).  

However, the rates of influx of Foxo3A in LMB are only approximately 1/20 of those of 

Foxo1, as seen by comparison of fibers from the same mouse infected with adenovirus 

for either Foxo1 or Foxo3A (Figure 2.8B).  Note that the vertical scale in Figure 2.8A is 

compressed by a factor of 20 compared to that in Figure 2.8B, and that the same data 

points for Foxo3A-GFP are presented in Figures 2.8A and B. The mean values of the 

rate of increase of Foxo3A-GFP n/c were 0.0011 +/- 0.0005 n/c per min in control, 

0.0073 +/- 0.0013 n/c per min in LMB and 0.014 +/- 0.003 n/c per min in LMB plus Akt-
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I-1,2, and for Foxo1-GFP were 0.029 +/- 0.004 n/c per min in control, 0.16 +/- 0.018 n/c 

per min in LMB and 0.38 +/- 0.057 n/c per min in LMB plus Akt-I-1,2.  Representative 

images of a single fiber in Figure 2.8C demonstrate the increase in nuclear Foxo3A 

during 80 minutes of LMB treatment and during an additional 60 minutes of Akt 

inhibition with continued LMB treatment.   

 

Figure 2.8  Foxo3A cycling and phosphorylation by Akt. 

(A-B) Foxo3A-GFP (red line; n=5 nuclei from 4 fibers) enters the nucleus at a slower 
rate than does Foxo1-GFP (black line in figure B; n=4), as determined using Leptomycin 
B (LMB) to inhibit nuclear efflux.  Inhibition of Akt via Akt-I-1,2 (Akt-I) induced an 
increase in the rate of nuclear influx of both Foxo1-GFP and Foxo3A-GFP.  The 
difference between the relative increases of Foxo1-GFP and Foxo3A-GFP can be seen in 
figure B in which the scale is 20 fold that of the same experiment in figure A.  (C)  
Representative confocal images of a single muscle fiber expressing Foxo3A-GPF treated 
with 40 nM LMB with or without Akt-I for the times indicated.  Nuclear Foxo3A-GFP 
increases with LMB treatment revealing nuclear import.  With Akt inhibition nuclear 
import increases indicating cytoplasmic retention to be Akt-dependent.  (D) Unlike the Z-
line distribution of Foxo1-GFP (see Figure 2.1), Foxo3A-GFP appears as a doublet. 
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The basis for the much slower nuclear influx exhibited by Foxo3A compared to Foxo1 

will be considered in the discussion. 

We also noted that the sarcomeric pattern of distribution of Foxo3A was different from 

that of Foxo1.  Whereas Foxo1-GFP was localized in a single sharp line per sarcomere at 

the sarcomeric Z-lines (Figure 2.1B), Foxo3A-GFP is present in a doublet band per 

sarcomere on either side of the Z-line (Figure 2.8D).   
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9.  Rate of unidirectional nuclear influx 

 To determine the effect of kinase activity on the unidirectional rate constants for 

movement of cytoplasmic Foxo-1-GFP out of the cytoplasm and into the nucleus, after a 

control period of 30 minutes we pretreated fibers with LMB for 40 minutes and then 

added staurosporine or IGF-1 for an additional 120 minutes (Figures 2.9A-B).  The 

average rate of increase of nuclear fluorescence in LMB alone was 0.14 n/c per minute 

and the average ratee in LMB with staurosporine was 0.31 n/c per minute (Figure 2.9A), 

indicating that in the absence of staurosporine, kinase activity reduced the rate of nuclear 

influx of Foxo1, presumably by maintaining the concentration of dephosphorylated 

Foxo1 at slightly less than half of the concentration attained in the presence of 

staurosporine.  Note that specific inhibition of Akt by Akt-I-1,2 caused a similar 

(approximately 2-fold) increase in the rate of Foxo1-GFP nuclear influx in the presence 

of LMB, confirming that Akt is the predominant kinase phosphorylating cytoplasmic 

Foxo1 in muscle fibers.  As anticipated, IGF-1 treatment completely ablated nuclear 

influx (Figure 2.9B).     

 

Figure 2.9  Nuclear influx rate constant with staurosporine and IGF-1. 

Quantification of the slope measured in nuclear/cytoplasmic (n/c) per minute in fibers 
treated with LMB followed by staurosporine (A; n=5) or IGF-1 (B; n=5) treatment is the 
rate of nuclear influx induced by these individual treatments.  (C)  The rate constant of 
nuclear influx k of the first 40 minutes compared to the last 80 minutes of the 120 minute 
time course of LMB treatment is the same during LMB treatment alone (n=4).  (D) k 
increases significantly during 80 minutes of staurosporine treatment from k during LMB 
treatment alone (n=10; * P < 0.05).  (E) IGF-1 causes a significant decrease in k in 
comparison to k during the control period with LMB alone (n=11; * P < 0.05).  Data 
represented as means ± SE.   
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10.  First order rate constants for unidirectional cytoplasmic to nuclear fluxes 

We next calculate the apparent first order rate constant k’ for unidirectional flux of Foxo 

from the cytoplasm to the nuclei for the experiment in Figure 2.9.  Using Appendix Eqn 

(A4), k' can be evaluated from successive images acquired at times t1 and t2 using the 

equation:  

 k' =  [2/(c1+c2)] [(n2-n1)/(t2-t1)] (Vn / Vc ), (Eqn 1)  

where ni is the mean pixel fluorescence of the nucleus at a specified time ti and  ci is the 

mean cytoplasmic pixel fluorescence at the same specified time.  The value used for Vn / 

Vc was the mean value of -∆c/∆n of 0.049 ( +/- 0.0079) obtained from 11 fibers during 

Foxo1-GFP nuclear influx over time periods sufficient to give relatively large values of 

∆c (see above).  To assess the consistency of k’ during fiber treatment with LMB, we 
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calculated k’ for data values collected at t1 of 0, 20, 40, 60, 80, and 100 minutes after 

LMB addition using the corresponding respective values collected at t2 of 20, 40, 60, 80, 

100, and 120 minutes after LMB addition.  This yielded 6 consistent k' values, 

demonstrating the uniformity of k’ under these conditions (data not shown).  Next, we 

calculated the average k' for the first 40 minutes and last 80 minutes of each group of 

experiments by averaging the individual k's calculated per fiber.  We then compared these 

two data sets within each of the three sets of experimental conditions by normalizing all 

k' values to the mean k' of the control period (0-40 minutes), thus calculating the k' of the 

experimental condition (40-120 minutes) as a fraction of k' during the control period.  

The mean k' in the first 40 minutes in LMB treatment alone was then compared to the 

mean k' for the next 80 minutes of treatment with LMB and a phosphorylation modulator 

as a fraction of the LMB alone control period (Figures 2.9C-E).  We saw a modest but 

significant increase in k’ with staurosporine treatment (Figure 2.9D) and a more drastic 

and significant decrease in k’ with IGF-1 (Figure 2.9E) whereas fibers treated with LMB 

alone for the same time showed no difference in their k’ values in the first 40 minutes in 

comparison to the last 80 minutes (Figure 2.9C).  

The ratio of the apparent rate constant for nuclear influx during treatment with LMB plus 

a phosphorylating or a dephosphorylating agent to the rate constant for nuclear influx 

with LMB alone should be proportional to the fraction of control dephosphorylated 

Foxo1 that is present in the cytoplasm in the presence of the additional agent, assuming 

that only unbound dephosphorylated cytoplasmic Foxo1 is imported into the nucleus, that 

the percent of cytoplasmic dephosphorylated Foxo1-GFP that is not bound to cytoplasmic 

sites is the same in the 2 conditions and that the nuclear transport system itself is not 
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altered by the experimental manipulation.  During staurosporine treatment the fraction is 

1.4, indicating that general inhibition of phosphorylation by staurosporine caused a 40% 

increase in the cytosolic concentration of dephosphorylated Foxo1.  In sharp contrast, 

during IGF-1 treatment the fraction is 0.11, indicating a decrease of cytosolic 

dephosphorylated Foxo1 to 11% of its control level prior to IGF-1 treatment, or a 

phosphorylation of 89 % of the control dephosphorylated Foxo1 on the application of 

IGF-1.  These values, obtained from the kinetic analysis, provide a quantitative measure 

of the extent to which the inhibition of kinase activity by staurosporine promotes the 

dephosphorylation of cytoplasmic Foxo1 and IGF-1 promotes its phosphorylation 

(Figures 2.9C-E). 

11.  Akt is necessary for IGF-1-induced cytoplasmic retention of Foxo1 

To determine the role of Akt in the reduction of nuclear Foxo1 due to IGF-1 treatment, 

we determined the rate of nuclear influx during inhibition of Akt in the presence or 

absence of IGF-1.  This experiment had four distinct segments (Figure 2.10A).  First, a 

control period of 30 minutes with no added agents.  Second, 80 minutes treatment ("0 to 

80 min") with LMB.  Third, 40 minutes ("80 to 120 min") exposure to 1 µM Akt inhibitor 

Akt-I-1,2 in the continued presence of LMB.  Up to this point all fibers were exposed to 

the same reagents.  Then, in the fourth segment, fibers were treated with or without IGF-1 

for 80 minutes ("120 to 200 min").  Note that media was not changed during the entirety 

of this experiment and therefore no reagents were removed.  The results showed that the 

rates of nuclear influx with and without IGF-1 in the presence of Akt inhibitor were the 

same (Figure 2.10A), indicating that the entire IGF-1 effect is mediated by Akt and that 

Akt activity is necessary for IGF-1-induced reduction of nuclear Foxo1.  Furthermore, the 
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calculation of the apparent rate constants of cytoplasmic efflux of Foxo1-GFP (k’), as 

described above, for the last three segments at 0-80, 80-120, and 120-200 minute  showed 

IGF-1 treatment to be ineffective in changing the rate constant of cytoplasmic efflux 

when Akt was inhibited (Figure 2.10B).  As expected for two samples subjected to the 

same treatment, the rate constants of nuclear influx from both samples from 0-80 minutes 

were not significantly different, nor were the rate constants of nuclear influx different for 

both samples from 80-120 minutes.  Of note, the last time segment did not have 

significantly different k’s, regardless of the presence or absence of 100 ng/ml IGF-1, 

revealing Akt inhibition to be sufficient to fully suppress the IGF-1 effect of reducing 

nuclear influx of Foxo1. 

 

Figure 2.10  Akt modulation of IGF-1. 

 (A) Quantification of the slope measured in nuclear/cytoplasmic fluorescence (n/c) per 
minute in fibers treated with LMB followed by Akt-I-1,2 (Akt-I; n=12) or Akt-I-1,2 and 
IGF-1 (n=13) shows inhibition of Akt to prevent the decrease in the rate of nuclear influx 
normally induced by IGF-1. (B) A comparison of the nuclear influx rate constants at 0-80 
minutes, 80-120 minutes, and 120-200 minutes of LMB treatment and additional 
treatment of Akt-I-1,2 and IGF-1 as labeled.  The fibers represented in black were treated 
with LMB with Akt-I-1,2 (n=12) and those in red were treated with LMB, Akt-I-1,2, and 
IGF-1 (n=13).  Data represented as means ± SE.   
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D.  DISCUSSION 

Foxo transcription factors play key roles in cell proliferation, cell cycle and cellular 

survival, and are expressed in all cells of the human body (6, 46, 75).  In skeletal muscle, 

Foxo proteins play a key role in determining muscle size through the regulation of 

transcription of atrogene products such as E3 ubiqutin ligases atrogin-1/MAFbx and 

MuRF-1 (19, 53, 56).   

Here, we utilize confocal imaging of fluorescence from exogenously expressed Foxo-

GFP to monitor kinetics of nuclear-cytoplasmic movements of Foxo proteins in living 

muscle fibers.  Comparison of antibody-stained endogenous Foxo1 and exogenously 

expressed Foxo1-GFP in terms of sarcomeric localization (Figure 2.1), 

nuclear/cytoplasmic distribution (Figure 2.2A), and response to treatment (Figures 2.4E 

and F) validate this system of adenovirally expressed Foxo-GFP as a reliable indicator of 

endogenous Foxo and as a useful tool in measuring rates of nuclear-cytoplasmic 

translocation in studies involving fluorescently-tagged Foxo. 

Our results with Foxo1-GFP show that IGF-1 treatment alone is sufficient to prevent 

nuclear targeting of Foxo1 in live adult skeletal muscle fibers, and demonstrate the 

necessity of the kinases PI3K and Akt in cytoplasmic retention of Foxo1 (Figures 2.3A, 

2.3C, 2.4A, 2.4C, and 2.4D).  Furthermore, we identify Akt’s functional activity to be 

necessary to the decrease in nuclear Foxo1 that occurs in response to IGF-1 treatment 

(Figure 2.10).  Kinases such as SGK, CK1, and DYRK1A have been shown to be Foxo 

kinases (10-12) but do not seem to be sufficient for modulating the Foxo1 nuclear-

cytoplasmic movements monitored in cultured adult muscle fibers. 
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PP2A directly dephosphorylates Foxo1 in NIH T3T cells (14).  The impressive decrease 

in nuclear Foxo1 in response to inhibition of PP2A via OA (Figure 2.5) demonstrates 

PP2A’s functional role in Foxo1 dephosphorylation in skeletal muscle, as well.  Studies 

of unidirectional nuclear influx with and without OA treatment identify PP2A inhibition 

to occur in the cytoplasm (Figure 2.6E).  This does not limit PP2A’s role to the 

cytoplasm but does reveal the importance of its cytoplasmic activity, as well as its role in 

nuclear-cytoplasmic cycling of Foxo1.   

A kinetic reaction scheme representing the nuclear-cytoplasmic movements of Foxo 

proteins is presented in Figure 2.11, together with the signaling systems and inhibitors 

that we have examined as modifiers of Foxo movements in our muscle fiber studies.  

Other physiological modulators of Foxo movements, such as Foxo phosphorylation at 

other sites (10, 11) or acetylation (32) are not shown in Figure 2.11 and can be thought 

of as providing a possible constant background level of modulation of the Foxo fluxes 

observed here.  Dephosphorylated cytoplasmic Foxo is unidirectionally translocated out 

of the cytoplasm by the nuclear localization signal (NLS) and Ran GTPase driven nuclear 

import system, but phosphorylated Foxo is not transported by this system (18).  Note that 

the rate constant k for unidirectional first order flux of dephosphorylated Foxo out of the 

cytoplasm and into the nucleus in Figure 2.11 is the same as the k in Eqn (A1).  In 

contrast to the nuclear import system, which carries only dephosphorylated Foxo,  

phosphorylated but not dephosphorylated Foxo is carried by the CRM1 dependent  

nuclear export system, with export facilitated by the chaperone protein 14-3-3 (7).   

The nuclear export of Foxo can be inhibited by LMB (Figure 2.11), which binds to and 

thus removes the availability of CRM1 for nuclear export.  In the presence of a fully 
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blocking concentration of LMB any Foxo that enters the nucleus is unable to leave and 

becomes trapped in the nucleus.  Inhibition of nuclear export via LMB thus provides a 

powerful tool for measuring the rate of unidirectional nuclear influx and for calculating 

its rate constant of cytoplasmic efflux.  The change in the rate constant for unidirectional 

efflux out of the cytoplasm due to treatment with phosphorylation modulators 

demonstrates the importance of cytoplasmic phosphorylation/dephosphorylation of 

Foxo1 in regulation of its rate of cytoplasmic efflux (Figures 2.6, 2.9, and 2.10).  

Furthermore, the increase in the rate of nuclear influx that resulted from staurosporine 

addition in the presence of LMB (Figure 2.9A) indicates that the nuclear import 

machinery is not saturated at the level of expression of Foxo1-GFP employed under our 

conditions of infection by adFoxo1-GFP.  Based on the important information obtained 

here and elsewhere with the nuclear export inhibitor LMB, identification of a comparable 

specific inhibitor of nuclear import would further open up the field to understanding the 

kinases and phosphatases that regulate Foxo1 nuclear export. 

It should be noted that the same unidirectional flux of Foxo from muscle fiber nuclei can 

be considered as either a unidirectional efflux out of the cytoplasm or as a unidirectional 

influx into the nuclei.  In practical terms of ease of experimental measurement, it is more 

convenient to monitor the rate of change of Foxo-GFP fluorescence in the nuclei than in 

the cytoplasm.  The total volume of the nuclei is much smaller than that of the cytoplasm, 

so the corresponding change in mean pixel fluorescence for a given flux of Foxo-GFP 

between cytoplasm and nuclei is much larger in the nuclei than in the cytoplasm.  By 

conservation of mass, the ratio of changes of nuclear to cytoplasmic mean pixel 

fluorescence for a given movement of Foxo-GFP between nuclei and cytoplasm is equal 
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to the ratio of cytoplasmic to nuclear volume in the muscle fibers.  However, in terms of 

mechanistic interpretation of the nuclear import system, it is more appropriate to consider 

cytoplasmic rather than nuclear concentration change and the rate of efflux of Foxo out of 

the cytoplasm.  This is because the unidirectional flux of Foxo from cytoplasm to nuclei 

is determined by the cytoplasmic concentration of dephosphorylated unbound Foxo, and 

is independent of the nuclear concentration, as indicated in the kinetic scheme in Figure 

2.11 and by Eqn (A1).  

 

Figure 2.11  Schematic presentation of regulators of subcellular localization of Foxo. 

Nuclear-cytoplasmic trafficking is regulated by phosphorylation of Foxo by active Akt.  
Binding of IGF to its membrane bound receptor IGFR activates the kinase PI3K, 
indirectly causing the phosphorylation of Akt, which directly phosphorylates Foxo.  
Inhibition of PI3K by LY294002 or inhibition of Akt by Akt-I-1,2 prevents 
phosphorylation of Foxo and thus induces nuclear import of Foxo.  CRM1 facilitates of 
nuclear export of Foxo1 and inhibition of CRM1 by Leptomycin B prevents nuclear 
export of Foxo.  
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The unidirectional rate constant of cytoplasmic efflux of Foxo1 is relatively high 

compared to that of other transcription factors that our laboratory has studied.  Based on 

the nuclear influx measured in the presence of LMB, the apparent first order  rate 

constant k’ for unidirectional flux of Foxo1-GFP out of the cytoplasm and into the 

nucleus was  0.355 +/- 0.035 per hour under resting conditions (data from Figure 2.10).  

In contrast, under resting conditions, the transcription factor NFATc1 leaves the 

cytoplasm and enters the nucleus at a much slower rate.  As determined in LMB, the 

unidirectional flux of NFATc1 from cytoplasm to nucleus occurs with an apparent first 

order rate constant of 0.074 +/- 0.005  per hour (based on data used to make Figures 2C 

and 6C in Shen et al., 2006, reference 76), assuming Vn/Vc is the same for Foxo1 and 

NFATc1.  Foxo3A also enters the nucleus much more slowly than Foxo1.  The 

unidirectional first order apparent rate constant for movement of Foxo3A out of the 

cytoplasm and into the nucleus is 0.023 +/- 0.004 per hour in the presence of LMB 

(calculated from the data for nuclei in fibers in Figure 2.8).  One possible explanation for 

the lower unidirectional apparent rate constants for movement of NFATc1 and Foxo3A 

out of the cytoplasm compared to the rate constant for Foxo1 could be their less effective 

transport by the nuclear import system, ie, the actual rate constant k, would be 

considerably lower for Foxo3A or NFATc1 than that for Foxo1, but this may be unlikely 

for the similar molecules Foxo1 and Foxo3A.  Alternatively, the fractional 

dephosphorylation of NFATc1 or Foxo3A in the cytoplasm might be much lower than 

that of Foxo1.  A much lower relative degree of dephosphorylation of Foxo3A than 

Foxo1 in muscle fibers would be consistent with the observation that nerve growth factor 

(NGF) activated Foxo phosphorylation in PC12 cells occurs at considerably lower NGF 



58 
 

levels for Foxo3 than for Foxo1(44).  Finally, the fraction of unbound dephosphorylated 

Foxo1 in the cytoplasm could be considerably greater than the fraction of unbound 

dephosphorylated Foxo3A or NFATc1 in the cytoplasm.  Intriguingly, the sub-sarcomeric 

distribution pattern for Foxo3A is different from that of Foxo1, possibly indicative of a 

difference in binding and fraction bound.  The presence of two Foxo isoforms, Foxo1 and 

3A, having about 20-fold different nuclear-cytoplasmic shuttling rates under control 

conditions, but presumably modulating the expression of the same group of genes, raises 

interesting questions regarding mechanism, regulation, and function that merit future 

investigation of Foxo isoforms.   

 

E.  Appendix: 

 Apparent first order rate constant for unidirectional flux of Foxo from cytoplasm to 

nuclei 

Assuming that the rate of nuclear efflux is 0 with LMB treatment, that the movement of 

Foxo-GFP out of the cytoplasm  is a first order process, and that only depohsphorylated 

and unbound Foxo-GFP can enter the nucleus, the rate of change of cytoplasmic Foxo-

GFP fluorescence due to movement of Foxo-GFP out of the cytoplasm is given by:  

dc/dt = -k fc c,      (A1) 

where c is the mean pixel fluorescence in the cytoplasm, t is time, k is the first order rate 

constant for movement of dephosphorylated and unbound Foxo-GFP from the cytoplasm 

to the nucleus and fc is the fraction of total cytoplasmic Foxo-GFP that is both 
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dephosphorylated and unbound.  Defining the apparent rate constant k' as k fc, k' is given 

by 

 k' = -(1/c) (dc/dt) .    (A2) 

Rearranging the equation for conservation of mass (Eqn 1; in Results, above) and taking 

the time derivative gives 

 dc/dt = -(dn/dt) (Vn / Vc )   (A3) 

Substitution of Eqn (A3) into Eqn (A2) gives the equation 

 k' = (1/c) (dn/dt) (Vn / Vc )   (A4) 

for the apparent first order rate constant for Foxo-GFP movement out of the cytoplasm 

and into the nuclei.  
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CHAPTER 3 

OVEREXPRESSION OF FOXO1 PREVENTS MUSCLE CONTRACTION IN SKELETAL 

MUSCLE  

 

A.  Introduction 

The process by which electrical stimulation of a muscle fiber initiates muscle contraction 

is termed excitation-contraction (EC) coupling.  This process begins with depolarization 

of the fiber causing an action potential which is propagated both axially and inwardly 

primarily via current through Nav1.4, the skeletal muscle isoform of the voltage-gated 

sodium channel, all along the sarcolemma and through the transverse (T-) tubule system 

of the fiber (64, 65).  The depolarization of the cell membrane induces conformational 

changes in the Dihydropyridine receptors (DHPRs) which are mechanically coupled with 

skeletal muscle Ryanodine receptor Ca2+ release channels (RyR1) in the sarcoplasmic 

reticulum (SR).  The  RyR1 channels mediate rapid Ca2+ release from the sarcoplasmic 
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reticulum (SR) into the cytosol leading to Ca2+ binding to thin filament troponin C and 

activation for contraction (61-63).   

The family of Forkhead box O (Foxo) transcription factors, of which Foxo1 is a member, 

is evolutionarily conserved and characterized by a 100-residue DNA-binding region 

called the Forkhead domain.  In skeletal muscle, Foxo transcription factors control 

muscle atrophy/hypertrophy by promoting transcription of ubiquitin ligases.  

Upregulation of either of two isoforms of Foxo, Foxo1 and Foxo3A (also referred to as 

Foxo3), is independently sufficient to induce muscle atrophy (19, 38).  Knockout of 

Foxo1 is embryonic lethal and tissue-specific induced knockout of Foxo1 results in tumor 

growth (39, 48).  Foxo3 has been shown to regulate both lysosomal and proteasomal 

degradation through transcriptional regulation of atrogenes, proteins that induce muscle 

atrophy, such as atrogin-1/MAFbx, MuRF-1, LC3, and Bnip3 (25, 60).    

Here, we identify a novel role of Foxo1 in control of excitation of muscle.  Using 

exogenously expressed Foxo1-GFP in cultured adult flexor digitorum brevis (FDB) 

muscle fibers we have determined that overactivity of Foxo1 prevents SR calcium release 

and the subsequent muscle contraction.  However, the morphology of the T-tubule system 

is not altered and the overall health of the fiber does not appear compromised.  We 

further identify reduction in the expression of the sodium channel Nav1.4 to be a likely 

cause of the inability of fibers to respond to electrical stimulation.   
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B.  Methods 

1.  Muscle fiber culture and infection 

Culture of flexor digitorum brevis (FDB) and infection were carried out as detailed in 

(77).  Briefly, the muscle was isolated from CD-1 mice, enzymatically dissociated with 

collagenase type I (Sigma-Aldrich) in MEM (Invitrogen, Carlsbad, CA) with 10% FBS, 

and 50 µg/ml gentamicin for 2 hours at 37˚.  Muscle was then gently triturated to separate 

fibers in MEM with FBS and gentamicin.  Fibers were plated in in MEM laminin-coated 

glass-bottom dishes  containing lysate with adenovirus coding for GFP or Foxo1-GFP (a 

gift from Dr. Joseph Hill, University of Texas Southwestern Medical Center 67).  Fibers 

treated with IGF-1 (Sigma Aldrich, St. Louis, MO) were plated in a dish containing 100 

ng/ml IGF-1 in addition to lysate and this concentration of IGF-1 was maintained for the 

entirety of the experiments. 

2.  Indo-1 ratiometric recordings 

Indo-1 acetoxymethyl (AM) ratiometric recording and analysis were performed as 

previously described (Hernandez-Ochoa EH et al., 2012) but with some modifications for 

loading. Briefly, cultured FDB fibers were loaded with Indo-1AM (2 µmol/L for 60 min 

at 22°C; Invitrogen) in L-15 media (ionic composition in mM: 137 NaCl, 5.7 KCl, 1.26 

CaCl2, 1.8 MgCl2, pH 7.4; Invitrogen) . Then the fibers were washed thoroughly with 

appropriate L-15 media to remove residual Indo-1AM. The culture dish was mounted on 

an Olympus IX71 inverted microscope and viewed with an Olympus 60×/1.20 NA water 

immersion objective. Fibers were illuminated at 360 nm, and the fluorescence emitted at 

405/30 and 485/25 nm was detected simultaneously. The emission signals were digitized 
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and sampled at 10 Hz using a built-in AD/DA converter of an EPC10 amplifier and the 

acquisition software Patchmaster (HEKA Instruments Inc., Bellmore, NY, USA). Field 

stimulation (1 ms, 8 V, alternating polarity) was provided by a custom pulse generator 

through a pair of platinum electrodes. The electrodes were closely spaced (0.5 mm) and 

positioned directly above the center of the objective lens, to achieve semi-local 

stimulation.  

3.  Transverse tubular network imaging in living fibers 

Control, GFP or Foxo1-GFP fibers were stained with the voltage-sensitive dye 

pyridinium, 4-[2-(6-(dioctylamino)-2-naphthalenyl) ethenyl]-1-(3-sulfopropyl)-, inner 

salt (di-8-ANEPPS) (2.5 µmol/L; in L-15 media for 1 h) and imaged on a Fluoview 500 

confocal system (Olympus; ×60, 1.3 NA water-immersion objective; pixel dimensions 

0.2 × 0.2 µm in x and y). Confocal images of the tubular network were obtained with 512 

× 512 pixel x–y images (average of eight images). Images were collected from randomly 

selected fibers using the same image acquisition settings and enhancing parameters. 

Images were background corrected and a region of interest of fixed dimensions was used 

to estimate average fluorescence profile within the region of interest. 

4.  Action Potential recordings 

Potentiometric dye action potential recordings and analysis were performed as previously 

described but with some modifications (78).  FDB fibers were stained with 2.5 µM di-8-

ANEPPS in the incubator for 3 hrs, followed by three washes in L-15 media.  Fiber 

cultures were mounted on a Zeiss LSM 5 LIVE high-speed confocal system and 
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stimulated with dual platinum field electrodes. Fiber fluorescence was excited with a 

532-nm diode laser, and fluorescence emission above 550 nm was sampled during 

repeated line scans through the interior of fibers (100 µs/line). The line scan was 

conducted at a depth of ∼15–20 µm into the interior of the fiber. Significant measures 

were taken to ensure that resulting signals were propagated APs and not artifacts imposed 

by stimulation (see results). Signals were converted to −∆F/F0 values, and four trials were 

averaged to increase the signal-to-noise ratio. APs were triggered using the same 1-ms 

electrical stimulus as in Ca2+ release assays. All single fiber recordings were performed at 

room temperature, 22°C. 

5.  Data analysis and statistics methods 

Electrophysiology and Indo-1 data were analyzed and plotted using Patchmaster, 

Fitmaster (HEKA Instruments Inc.). Immunocytochemistry, di-8-ANEPPS signals and 

Western blot data were analyzed with ImageJ. Further data evaluation and statistical 

analysis were conducted using OriginPro 8 software (OriginLab Corporation, 

Northampton, MA, USA). Summary data were reported as mean ± SEM when samples 

followed normal distributions and as medians when sample distributions were less well 

defined. Box plots and bar graphs were used for graphic illustration of data. Statistical 

significance was assessed using either parametric two sample t-test or with the non-

parametric Mann–Whitney rank-sum test for unpaired data sets. 

6.  Western blotting 

Protein extraction and western blotting techniques were performed as described in 

Schachter et al. (77) with slight modifications.  Briefly, FDB fibers were infected and 
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cultured for 2 days and treated with IGF-1 when indicated.  One or two fibers were then 

collected from each dish and mixed with 14 µl M-PER (Thermo Scientific, Rockford, 

IL), a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN), 3.7 µl sample 

reducing agent, and 9.25 µl LDS sample buffer (Invitrogen).  This mixture was pipetted 

up and down to lyse fibers, heated at 70° for 10 min, and run on a NuPAGE Novex 3- 8% 

Tris gel (Invitrogen).  Proteins were transferred to a PVDF membrane.  Skm1 (referred to 

as Nav1.4; Sigma) and α-actinin antibodies (Sigma) were used and then the membrane 

was treated with ECL and film was exposed and developed. 

 

C.  Results 

1.  Fibers expressing Foxo1-GFP appeared healthy and responsive to chemical 

stimulation 

Fibers expressing Foxo1-GFP appeared normal with the clearly visible striations that give 

rise to the skeletal and cardiac muscle alternative name - striated muscle (Figure 3.1).  

These fibers also demonstrated functional Foxo1-GFP signaling in response to treatment 

with IGF and kinase inhibitors, as previously described in Schachter et al., 2012.  

Furthermore, nuclear/cytoplasmic distribution of endogenous Foxo1 and exogenously 

expressed Foxo1-GFP was essentially the same.  This indicates that Foxo1 regulation is 

intact in fibers expressing Foxo1-GFP.  Importantly, exogenous Foxo1 expression was 

merely 7-fold that of endogenous Foxo1 expression (77).  Overall, these fibers look 

healthy and typical for cultured fibers.   
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Figure 3.1  Fibers expressing Foxo1-GFP appear normal. 

Signs of health are visible: striations, nuclei are predominantly peripheral, and fibers are 
smooth and straight.  Scale bars are 20 µm.  

 

2.  Foxo1 suppresses stimulation induced calcium transient 

Although Foxo1-GFP fibers appeared healthy and biochemically functional, they 

responded to electrical stimulation in an abnormal manner.  Control fibers with or 

without GFP expression stimulated for 1 msec at 25 V and a train of pulses at 100 Hz 

showed robust calcium transients (Figure 3.2 A, C) and contraction (data not shown).  In 

stark contrast, Foxo1-GFP fibers from the same muscle generally did not respond 

(Figure 3.2 B) and contraction (data not shown).  The average change in Indo1 ratio in 
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response to a single electrical stimulusof 25 V in fibers expressing Foxo1-GFP (referred 

to here as Foxo1-GFP fibers) was approximately 10% that of control fibers or fibers 

expressing GFP (referred to here as GFP fibers; Figure 3.2D).  Another factor that is 

correlated with the overall health of a fiber is the resting calcium concentration.  Control, 

Foxo1-GFP, and GFP fibers all had basal Indo-1 ratios that were not significantly 

different, indicating that calcium resting concentrations are not altered by Foxo1 (Figure 

3.2E).   
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Figure 3.2  Calcium transients are ablated in fibers overexpressing Foxo1-GFP 

A  Control fibers (n=24) exhibit calcium transients in response to a single 25 V pulses 
with a 1 msec duration and an electrical train of 100 Hz. B  Fibers expressing Foxo1-GFP 
(n=35) do not show calcium transients in response to the same pattern of electrical 
stimulation. C  Fibers expressing GFP (n=40) alone respond to electrical stimulation with 
a calcium transient in a manner consistent with typical healthy FDB fibers.  D  The 
average change in the Indo-1 ratios of fibers in response to electrical simulation is 
dramatically decreased in fibers expressing Foxo1-GFP in comparison to control and 
GFP fibers.  E  Resting rates of calcium are not statistically different in control fibers, 
fibers expressing Foxo1-GFP, and fibers expressing GFP alone.  F  The distribution of 
∆Indo-1 in response to a single stimulus in cultured fibers is a measure of the intensity of 
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the calcium transient.  The majority of Foxo1-GFP fibers have a range of no response to 
decreased intensity whereas control and GFP fibers have varying degrees of strength.  G  
The percent of Foxo1-GFP fibers that exhibited a calcium transient, as defined by peak 
∆Indo-1 ratio <0.1, in response to electrical stimulation is significantly lower than that of 
control fibers and GFP fibers. 

 

While 86% of Foxo1-GFP fibers did not respond to electrical stimulation with a calcium 

transient at all, a small fraction (14% of Foxo1-GFP fibers) did show a weak increase in 

cytoplasmic calcium (Figure 3.2F).  In contrast, only 21% of control fibers and 15% of 

GFP fibers did not display a calcium transient upon electrical stimulation, and the other 

fibers displayed responses in a range of strengths (Figure 3.2F-G).  

3.  Foxo1-GFP fibers treated with IGF-1 responded to electrical stimulation 

Treatment with IGF-1 prevents nuclear targeting of Foxo1 (15, 77).  To determine the 

role of Foxo1 in response to electrical stimulation, we treated Foxo1-GFP fibers with 100 

ng/ml IGF-1 to prevent functional activity of Foxo1 as a transcription factor by keeping it 

out of fiber nuclei.  Remarkably, fibers expressing Foxo1-GFP treated with IGF-1 

(referred to here as IGF fibers) responded to electrical stimulation with appropriate 

calcium transients despite expression of Foxo1-GFP (Figure 3.3 A-C).  The increase in 

Indo-1 fluorescence ratio signal in response to electrical stimulation in GFP fibers and 

IGF fibers were the same, whereas Foxo1-GFP fibers did not exhibit a change in Indo-1 

ratio in response to electrical stimulation (Figure 3.3D-E).  Similar fractions of GFP 

fibers and of IGF fibers responded to electrical stimulation with strong, weak, or 

negligible ∆Indo-1 ratio signals, whereas Foxo1-GFP fibers did not exhibit calcium 

responses and did not contract (Figure 3.3E).  This indicates that IGF fibers consistently 

behave in the same manner as control fibers and IGF prevents the impairment developed 



70 
 

in Foxo1-GFP fibers.  These results provide evidence that the observed inability of 

Foxo1-GFP fibers to contract and release calcium results from the functional 

transcriptional activity that Foxo1 causes.   

 

Figure 3.3  IGF-1 treatment prevents Foxo1-induced EC uncoupling. 

Cultured fibers expressing GFP (A; n=11), fibers expressing Foxo1-GFP (B; n=9), and 
fibers expressing Foxo1-GFP treated with IGF-1 from the time of infection (for 48 hours; 
C; n=10) were stimulated using the same pattern of stimulation as detailed in Figure 3.2.  
Foxo1-GFP fibers treated with IGF-1 did not have compromsed calcium transients as 
those seen in untreated fibers expressing Foxo1-GFP.  D   The average change in Indo-1 
ratio in response to  electrical stimulation  is significantly reduced in fibers expressing  
Foxo1-GFP in comparison to  fibers expressing GFP alone or fibers expressing Foxo1-
GFP and treated with IGF-1.  E  The number of fibers that  responded weakly, 
moderately, and strongly to electrical stimulation that were expressing GFP and those 
expressing Foxo1-GFP and treated with IGF-1 were comparable in comparison to Foxo1-
GFP expressing fibers. 
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4.  T-tubule system remained unaltered 

The T-tubule system is a membrane system along which depolarization spreads inward 

into the fiber.  Breakdown of this system disrupts propagation of the action potential and 

thus the contraction of the fiber.  To examine the integrity of the T-tubule system we 

stained control fibers and Foxo1-GFP fibers with voltage-dependent membrane dye di-8-

ANNEPS, which stains the T-tubule system.  Imaging these fibers using fluorescence 

confocal microscopy established that the morphology of the T-tubule system of Foxo1-

GFP fibers (Figure 3.4A) was unaltered from control fibers (Figure 3.4B).  

 

Figure 3.4  T-tubules remain morphologically unaltered 

A In control fibers, T-tubules show normal morphology.  B  No changes to normal T-
tubule morphology are seen in  fibers expressing Foxo1-GFP.  Scale bars are 5µm.   
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5.  Fibers expressing Foxo1-GFP failed to propagate action potentials 

To further explore the cause of the failure of Foxo1 fibers to contract, we used di-8-

ANEPPS to visualize the response to electric stimulation.  Both control fibers and Foxo1 

fibers appeared the same when stained with this dye (Figures 3.5A and D).  We 

determined the response of fibers to external electrical stimulation by taking a continuous 

line scan image of the fiber before, during, and after stimulation with + - pulses of 14V, 1 

ms duration, and then quantifying the fluorescence (Figure 3.5B-C, E-F).  The 

fluorescence of di-8-ANEPPS decreased with depolarization of the fiber.  Control fibers 

responded to either positive or negative applied voltage with a decrease in di-8-ANEPPS 

fluorescence indicating depolarization, reflecting the fact that applied voltage of either 

polarity generated a depolarizing action potential (Figures 3.5A-C and G).  In contrast, 

in Foxo1 fibers, a 1 ms 14V negative applied pulse caused an increase in di-8-ANEPPS 

signal, while in response to a positive stimulus of 14V, there was a decrease in 

fluorescence (Figure 3.5H).  The reversal of signal polarity with the alternation of the 

pulse polarity is a characteristic of predominantly passive electrotonic polarization due to 

the field stimulation.  Measurement of action potential propagation in control fibers 

treated with TTX (to inactivate sodium channels) showed a smaller and shorter increase 

and decrease (appropriate to the polarity) in fluoresce than seen in control fibers 

untreated with TTX to be an artifact of this system, which lends support to the latter 

possibility (78).  In either case, these results demonstrate that Foxo1-GFP fibers were 

unable to respond to a change in external voltage by propagating action potentials. 
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Figure 3.5  Propagation of an action potential is prevented 

A, D Representative images of a control fiber (A) and a fiber expressing Foxo1-GFP (D) 
stained with the voltage-dependent dye di-8-ANEPPS.  Yellow lines in A and D indicate 
the areas of the line scan in figures B and C, and E and F, respectively.  Below figures B 
and C are graphs of the change in fluorescence of di-8-ANEPPS in the regions in the 
white dashed boxes.  G-H  Average change in di-8-ANEPPS fluorescence in control 
fibers (G) and fibers expressing Foxo1-GFP (H). 
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6.  Expression of the sodium channel Nav1.4 was decreased by Foxo1-GFP  

Due to the integral role of sodium channels in propagation of an action potential, we 

explored the possibility that overexpression of exogenous Foxo1-GFP negatively 

regulated expression of the skeletal muscle sodium channel Nav1.4.  To this end, we used 

western blot analysis of single fibers expressing GFP, expressing Foxo1-GFP, or 

expressing Foxo1-GFP with IGF-1 treatment.  Foxo1 fibers only expressed 32% of 

Nav1.4 in comparison to GFP fibers.  Fibers expressing Foxo1-GFP and treated with 

IGF-1 had expression levels 57% that of GFP fibers (Figure 3.6).  We conclude that 

overexpression of Foxo1-GFP decreases the expression of the sodium channel Nav1.4 

and thus prevents depolarization of the membrane and subsequent contraction and 

calcium release of the muscle fiber.  Furthermore, inhibition of nuclear influx of Foxo1 

via IGF-1 diminished this effect of Foxo1 on Nav1.4 expression, indicating that the 

activity of Foxo1 as a transcription factor regulates Nav1.4. 

 

Figure 3.6  Foxo1 activity decreases the expression of the sodium channel Nav1.4 

A  Western blot of expression of Nav1.4 in fibers expressing GFP, fibers expressing 
Foxo1-GFP, and fibers treated with IGF-1 expressing Foxo1-GFP.  B  Quantification of 
western blots show that fibers expressing Foxo1-GFP have decreased expression of 
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Nav1.4 in comparison to fibers expressing GFP (n=4).  IGF-1 treatment of fibers 
expressing Foxo1-GFP decreased the loss of expression of Nav1.4. 

 

D.  Discussion  

The transcription factor Foxo1 controls muscle atrophy and regulates the expression of 

atrogenes such as atrogin and MuRF1 (19, 53, 56).  Here, we provide evidence of another 

role of Foxo1 in the degradation of skeletal muscle.  The inability of fibers with 

overexpression of Foxo1 to contract, activate calcium signaling, or propagate an action 

potential taken together demonstrate the capacity of Foxo1 to disable functional activity 

of skeletal muscle (Figures 3.2, 3.3, and 3.5).  

Cultured muscle fibers overexpressing Foxo1-GFP were structurally normal and 

demonstrated normal cellular signaling (Figures 1 and 4 and reference 77).  However, 

these fibers did not respond properly to electrical stimulation: they did not have calcium 

transients or propagate action potentials (Figures 3.2, 3.3, and 3.5).  The basal levels of 

cytoplasmic calcium of fibers expressing Foxo1-GFP were not changed from those of 

control fibers (Figure 3.2E), indicating that the homeostatic mechanisms of calcium 

regulation were conserved, SERCA was functional, and that the RyR1 was not leaking in 

fibers expressing Foxo1-GFP.  Foxo1 overexpression also did not alter the morphology 

of the T-tubule system, eliminating the possibility that a cause for the failure of fibers 

expressing Foxo1 to contract was the inability of current to flow through the T-tubule 

system (Figure 3.4). 

Nav1.4 is an essential part of excitation of skeletal muscle fibers.  As such, its regulation 

is of importance to muscle excitability.  The ability of Foxo1 to inhibit expression of 
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Nav1.4 (Figure 3.6) shows the involvement of Foxo1 in another aspect of regulation of 

skeletal muscle health (Figure 3.7).  This is supported by a recent finding that in 

cardiomyoytes, sodium channel Nav1.5 is negatively regulated by Foxo1 (79).  

Intriguingly, this aspect of Foxo1 regulation suggests a positive feedback loop in which 

once Foxo1 is activated and begins to cause muscle atrophy the muscle also loses its 

ability to respond to stimulation, thus increasing its atrophy as seen in models of disuse 

and denervation. 

 

Figure 3.7  Foxo1 regulates muscle atrophy 

Foxo1 regulates expression of proteins that carry out lysosomal degradation and 
proteasomal degradation leading to muscle atrophy.  We demonstrate a novel method in 
which Foxo1 decreases the expression of sodium channel Nav1.4 and possibly other 
proteins that result in the inability of muscle fibers to respond to electrical stimulation.  
Lack of response to electrical stimulation and inability to contract as seen in denervation 
and disuse lead to muscle atrophy. 

 



77 
 

This system of overexpression of Foxo1 can also be used as a model for overactivity or 

dysregulation of Foxo1 and its effects on skeletal muscle because overexpression 

effectively mimics activation by increasing nuclear concentration as occurs during 

dyregulation of Foxo1.  Although the role of Foxo1 in skeletal muscle is established as a 

regulator of both lysosomal and proteasomal degradation leading to muscle atrophy (56, 

57, 60), we reveal that dysregulation of Foxo1 can also cause a disconnection between 

excitation of muscle and its ability to contract.  Further understanding of the role of 

Foxo1 in muscle is now an even more attractive therapeutic avenue in treatment and 

prevention of muscle atrophy. 
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CHAPTER 4 

CONCLUSIONS 

 

The Foxo transcription factor family is integral to many processes including regulation of 

cell proliferation, cell cycle, and cell survival (6, 46).  Foxo1 and Foxo3 play no less 

crucial of a role in skeletal muscle; both Foxo1 and Foxo3 regulate muscle size.  As such, 

it is not surprising that these transcription factors have been the focus of much research.  

Target proteins that are expressed, as well as those that are not expressed due to Foxo 

regulation, have been identified.  Regulators of Foxo activity have been studied and their 

mechanisms of actions established.  Although so much is now understood, the field is not 

yet developed and the elusive therapeutic avenue to both reverse and prevent muscle 

atrophy has not yet been established. 

To this end, we have developed a system in which to explore the function, regulation of 

Foxo, and regulation by Foxo in live muscle.  Expression of Foxo-GFP fusion proteins in 
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cultured adult muscle fibers is an ideal setup that allows a real-time view of the dynamic 

processes that regulate Foxo as well as the effects of Foxo activity/inactivity.  Foxo1-

GFP and endogenous Foxo1 displayed consistent sub-sarcomeric distribution (Figure 

2.1), nuclear/cytoplasmic localization (Figure 2.2), and translocation in response to 

phosphorylating intermediaries (Figures 2.3, 2.4, and 2.5). 

Although other mechanisms of regulation of Foxo exist, phosphorylation is a major 

means by which Foxo activity is controlled.  Exposure to IGF-1 results in 

phosphorylation and subsequent cytoplasmic retention, increasing cytoplasmic Foxo1 

(Figures 2.3 and 2.4 and reference 15).  PI3K and Akt are also involved in the signaling 

pathway that results in phosphorylation of Foxo1 and its buildup in the cytoplasm 

(Figure 2.4 and reference 24).  Furthermore, Akt function is actually necessary for IGF-1 

to induce cytoplasmic retention of Foxo1 (Figure 2.10).  The functional role of the 

phosphatase PP2A was identified with the use of okadaic acid.  PP2A dephosphorylates 

and promotes nuclear influx of Foxo1 (Figure 2.5).  Additional experimentation further 

defined its position as being cytoplasmic (Figure 2.6E).  PP2A may also have nuclear 

activity as well, but that aspect has not yet been explored.   

At this point it is important to note that in this chapter, and the vast majority of papers 

discussing regulation of Foxo, the net movement of Foxo1 has been considered, with the 

exception of the work exploring cytoplasmic function of PP2A.  However, here, we also 

calculate the unidirectional rate of nuclear influx by pharmacologically inhibiting nuclear 

efflux.  An interesting extension of this project would be to develop a means by which to 

inhibit the nuclear import of Foxo and measuring the unidirectional rate of nuclear efflux.  

This could be done possibly by introducing a membrane-permeable peptide with an NLS 
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sequence that would act as a competitive inhibitor of Ran, and in this way prevent nuclear 

import. An alternative would be to use a pharmacological inhibitor of Ran.  (Note that 

molecular means of knock down of Ran or siRNA would not be an efficient means of 

nuclear import inhibition for short experiments similar to what has been discussed in this 

work because it cannot be induced in a short period of time.)  With the rate of nuclear 

import equal to zero, the net rate of change in nuclear Foxo1 would equal the rate of 

nuclear efflux.  Using this method, we could determine if PP2A is a nuclear phosphatase 

as well as a cytoplasmic phosphatase.  Inhibition of nuclear import would create the 

opportunity to determine the kinetics of nuclear efflux and thus elucidate the 

phosphorylating/dephosphorylating activities occurring in the nucleus in a similar manner 

to what we have established concerning cytoplasmic phosphorylation and nuclear import.  

The data we have generated using LMB as a tool for isolation of the rate of nuclear influx 

has made the quantification of the effects of isolated phospholating/dephosphorylating 

events possible.  Using the calculation of the apparent rate constant (k’; defined on page 

49, eqn 1) we determine the effect of staurosporine to increase phosphorylated Foxo1 to 

40% over basal levels and IGF-1 to decrease phosphorylated Foxo1 to a mere 11% of 

basal levels.  This is an example of experimental treatment and data collection in 

combination with rigorous mathematical manipulation elucidating the kinetics of nuclear 

import as well as the cytoplasmic phosphorylation/dephosphorylation on which 

translocation is based. 

Foxo1-GFP exhibits a high rate of nuclear-cytoplasmic shuttling under resting conditions.  

The high rates of unidirectional nuclear influx and efflux are in near balance under 

resting conditions, as determined by the unidirectional rate of nuclear influx and 
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unidirectional rate of nuclear efflux.  Furthermore, the difference of the unidirectional 

rates of nuclear influx and efflux is equal to the net rate of nuclear influx (Figure 2.7).  

This further characterization of the Foxo1 nuclear-cytoplasmic shuttling system 

demonstrates again the unique capabilities of the system developed for exploration of 

Foxo in skeletal muscle. 

Comparison of the kinetics of Foxo1 and Foxo3A revealed a 20-fold difference in the 

rates of nuclear influx (Figure 2.8).  The much slower rate of nuclear influx of Foxo3A 

could be a result of a difference in the rate of phosphorylation of Foxo3A kinase due to a 

difference in the signaling that leads to phosphorylation or the binding efficiency of 

kinases that phosphorylate the different Foxo proteins.  Another possibility is that Ran 

binds to Foxo1 and Foxo3A at different rates.  A third possibility is that the fraction of 

unbound Foxo3A may be different from that of Foxo1.  Possibly related to this finding is 

the discovery that Foxo1 and Foxo3A do not have the same sub-sarcomeric distribution 

(Figure 2.1).  This would indicate that Foxo1 and Foxo3A are not bound to the same 

proteins in muscle fibers, and thus lends credence to the possibility that the fraction of 

unbound Foxo3A is significantly different from that of Foxo1. 

The differences in nuclear-cytoplasmic shuttling coupled with the difference in sub-

sarcomeric distribution bring the redundancy of Foxo transcription factors into question.  

Both Foxo1 and Foxo3A induce muscle atrophy (19, 38), however the differences that we 

have found in their regulation indicate that they may function- and even be regulated- in 

different ways.  It would be very interesting to compare the impact of Foxo1 and the 

impact of Foxo3A on gene expression induction and prevention.  Comparison of 

regulation of Foxo1 and Foxo3A would also help clarify the possibly diverse roles of 
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these proteins.  Some other questions that we could answer are whether one isoform is 

preferentially nuclear and the other cytoplasmic?  Do they have different cofactors?  And, 

do they induce different phenotypes in skeletal muscle?  Answering these questions and 

others will help our understanding of the components that regulate muscle size. 

Our studies have revealed another phenotype in addition to muscle atrophy induced by 

Foxo1 activity.  Overexpression of Foxo1 caused a lack of contraction or calcium 

transient in response to electrical stimulation that was prevented with IGF-1 treatment 

(Figures 3.2 and 3.3).  The resting rates of calcium in control and Foxo1-GFP expressing 

fibers were essentially the same but Foxo1-GFP fibers did not have increased cellular 

calcium levels in response to electrical stimulation (Figure 3.2 A-E).  These results 

indicate the involvement of Foxo1 in excitation of muscle.  In order to ascertain the 

method by which Foxo1 impacts the muscle fiber’s response to electrical stimulation we 

examined the morphology of the T-tubule system in fibers expressing exogenous Foxo1-

GFP and determined that it was not altered or damaged in comparison to that of control 

fibers.  This establishes that the lack of response is not due to the breakdown of the T-

tubule system, which essentially acts as the circulatory system of individual fibers.   

Using a voltage-dependent dye, we discovered that fibers expressing Foxo1-GFP was 

unable to propagate an action potential, thereby explaining the lack of response to 

electrical stimulation.  But what prevented the propagation of the action potential?  The 

cause of this malfunction was identified to be a decrease in the expression of the skeletal 

muscle sodium channel Nav1.4 (Figure 3.6).  These surprising results give evidence of a 

novel mechanism by which Foxo1 induces muscle atrophy (Figure 3.7) as well as an 
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additional function of Foxo1 besides muscle atrophy- an involvement in depolarization of 

muscle. 

Our understanding of the roles and regulation of the Foxo transcription factors has come 

a long way.  Pathways of activation and inhibition of these proteins have been identified 

as well as binding partners and target genes whose expression are induced or prevented 

due to Foxo activity.  Cellular processes that Foxo proteins are involved in have been 

identified.  Roles of cell-specific activity and cell-specific expression of different 

isoforms have been distinguished.  However, there are still many questions left to be 

answered in this field that have the potential to be crucial in the development of treatment 

and possibly even prevention of muscle atrophy. 
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