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ABSTRACT

Title of Dissertation: The control and effectsFaixo1l in skeletal muscle

Tova Neustadt Schachter, Doctor of Philosophy, 2012
Dissertation Directed by: Martin F. Schneider, PhByofessor, Department of

Biochemistry and Molecular Biology

In skeletal muscle, the transcription factors Foxril Foxo3A control expression of
proteins which mediate muscle atrophy, making theclear concentration and
nuclear/cytoplasmic movements of Foxol and Foxo3Atrerapeutic interest in
conditions of muscle wasting. Here, we use Fox@&QG#sion proteins adenovirally
expressed in cultured adult mouse skeletal mudwnest to characterize the time course
of nuclear efflux of Foxol-GFP in response to ation of the IGF-1/PI3K/Akt
pathway, to determine the time course of nucletwxnof Foxol-GFP during inhibition
of this pathway, and to explore the effects of Hoxm contraction of muscle fibers.
Localization of endogenous Foxol in muscle fiberas determined via
immunocytochemistry, is consistent with that of 8&GFP. Inhibition of the nuclear
export carrier CRM1 by Leptomycin B (LMB) traps Fdxin the nucleus and results in a
relatively rapid rate of Foxol nuclear accumulati@onsistent with a high rate of
nuclear/cytoplasmic shuttling of Foxol under contaonditions prior to LMB
application, with near balance of unidirectionalur and efflux. Expressed Foxo3A-
GFP shuttles about 20 fold more slowly than Foxd™RG Fibers expressing Foxol-GFP

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



calcium transients in response to electrical statoh compared to fibers expressing
GFP alone. Evaluation of the T-tubule system, tlenitranous system involved in the
radial and longitudinal propagation of the actiatemtial, using a membrane fluorescent
dye, revealed an intact T-tubule network in fiberger-expressing Foxol-GFP.

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

normal calcium transients, indicating that Foxadnsiocation affects the expression of
proteins involved in the generation and/or propagabdf action potentials. A decrease in
Navl.4 expression in fibers overexpressing Foxo4 alao observed in the absence of
IGF-1. We conclude that overactivity of Foxol mets the normal muscle responses to
electrical stimulation by decreasing expressioiNa¥1.4 and possibly other means. Our
approach allows quantitative kinetic characteramatof Foxol and Foxo3A nuclear-

cytoplasmic movements in living muscle fibers ung@rous experimental conditions, as

well as the effects of Foxol on the electrophygjglof muscle.
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CHAPTER 1

INTRODUCTION

A. Background

The Forkhead box (Fox) transcription superfamilgwslutionarily conserved. In 1989,
the first member of this superfamily, tfagk head gene, inDrosophila melanogaster was
identified. Mutation of thdork head gene results in a distinct forkhead-like appeaganc
of Drosophila melanogaster, giving rise to the name of the transcription dact
superfamily (1). Since then, over 100 transcription factorsitaming a 100-residue
DNA-binding domain termed the forkhead domain hbagen identified, and so, in 2000,
a new inclusive nomenclature system was developé@. Foxo class is mammalian and,

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

Foxol (previously known as forkhead homolog in d@mhyosarcomas; FKHR) was first

identified in alveolar rhabdomyosarcomas as thelyebof a chromosomal translocation



in which the N-terminal portion of Pax3 was fusedthe C-terminal portion of Foxo1l,

including a truncated portion of the forkhead dam@j).

B. Structure

All members of the Fox superfamily share a commod-fesidue DNA-binding domain
known as the forkhead domain. This domain hastimajora-helices as well as two
large wing-like loops, which gave rise to a secoathe for this group of transcription
factors: winged helix transcription factors (3, 4The third helix (H3) and both loop
regions associate with the DNA cognate recognisequence, [(T/A) (A/T) AAC A ]

(4, 5).



1

Helix 1

Helix2 |{ Helix3 H W1 H W2 HB

Figure 1.1 The “winged helix” secondary and tertiay structures of the DNA-
binding forkhead domain of Forkhead box transcription factors during interaction
with DNA.

(A) The forkhead domain consists of three N-teahimhelices, H1, H2, and H3, two
wing-like structures, W1 and W2, and a C-terminasib region (B). The * in the C-
terminal basic region signifies the critical seri2&6 in Foxol (corresponding to serine
253 in Foxo3 and serine 193 in Foxo4) that is phoggated by Akt. This basic region
(B) located within the DNA binding domain (DBD) mapteract with the phosphate
backbone of DNA to increase stability of the complea sequence non-specific manner.
(B) The third helix, H3, in the forkhead domaineditly interacts with DNA, whereas
H1, H2, and the two wing-like structures W1 and ®e not directly involved with DNA
binding. This figure has been modified from Zhangle 2002 (15).

Phosphorylation of Foxo prevents its nuclear l@edion and thus DNA binding, thereby
inhibiting the transcription of atrogenes, genes gmteins that cause muscle atrophy.
There are three highly conserved Akt (also known pastein kinase B; PKB)

phosphorylation sites Thr-24, Ser-256, and Seritfuman FOXOL1 (6-8).



Although the primary regulation of Foxo occurs tihgh Akt-mediated phosphorylation,
serum- and glucocorticoid-inducible kinase (SGKjoahas the ability to phosphorylate
these residues (9). Casein kinase 1 (CK1), DYRKAR] other kinases have different
recognized phosphorylation sites (10-12). Whilegghorylation via various kinases
causes cytoplasmic retention, it stands to redsaindephosphorylation via phosphatases
induce nuclear influx of Foxo. To date, the onlyopphatase that has been shown to
directly dephosphorylate Foxo is the serine/threerphosphatase PP2A (13). Okadaic
acid (OA), a PP2A inhibitor, prevents this dephasplation, thereby inhibiting the

nuclear influx of Foxol (14).

There are differences in function between the theseédues which Akt phosphorylates.
SGK preferentially phosphorylates S319, whereas pidferentially phosphorylates
S256 (9). S256 is located in a basic region atGkerminal end of the DNA binding
domain (DBD) that may increase stability of DNA-okteraction and has been shown
to function as a nuclear localization signal (159256 must be phosphorylated first in
order for phosphorylation of T24 and S319 to occlitowever, phosphorylated S256
alone is not sufficient to prevent nuclear tranatamn, but it is sufficient to disrupt DNA-
Foxo interaction independently (15, 16). This fimtal aspect of S256 on Foxol
corresponds well with the structural understandhd-oxol and the stability of Foxo-
DNA interaction due to the basic region of the faeled domain in which S256 is located

(seeFigure 1.1).
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Figure 1.2 Functional domains of Foxol.

(A) Nuclear import and export of Foxol is regulatgdbxol kinases include Akt, SGK,
CK1, and DYRK1A. Foxol is 655 amino acids long aathtains 2 nuclear localizing
sequences (NLS) and 3 nuclear export sequences)(NB$% CRM1 binds to the C-

terminal NES and interacts with the Ran complexciwhbinds to an acidic patch of
phosphorylated serines. The NES directly N-terinioahe forkhead domain also binds
CRML1. The nuclear localization is further reguthbey the cooperative binding of a 14-
3-3 dimer between the N-terminal NES and an NLS.



C-terminal to the DBD is a leucine-rich nuclear estpsignal (NES). Nuclear export of
Foxol is inhibited by leptomycin B, indicating itsteraction with chromosome region
maintenance 1 (CRM1), a nuclear export protein.(1lfideed, CRM1 binds to the C-
terminal NES and the NES located N-terminal to @D, but not to the N-terminal

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

by Foxo’s phosphorylation status (18).

Between the DBD and the CRM1 binding site is sédain acidic patch of serines which
are phosphorylated under some conditions. S3ftBasphorylated by Akt whereas S322
and S325 are phosphorylated by CK1 and S329 ispblooglated by DYRK1A Figure
1.2). This acidic patch increases the rate of nudle@ort via interaction with the Ran

protein complex (10).

Mutation studies have been important in determirtimg residues critical to nuclear-
cytopalsmic localization of Foxol. Zhang et alD02, employed plasmids containing
wild type Foxo1l-GFP as well as plasmids contaimpoont mutations in Foxol-GFP. The
mutation S256A caused nuclear localization, whetleasnutation S256D caused nuclear
exclusion of Foxol, demonstrating the necessityplodsphorylation at this site for
nuclear exclusion. In order to determine whethex is due to the effect that S256 has on
the phosphorylation status of T24 and S319 or dusther effects, constructs were made
with T24A- S319A and with T24A-S256D-S319A. T244319A caused nuclear
targeting and the addition of a negative charggbétin making T24A-S256D-S319A did
not disrupt this nuclear targeting. Taken togethiaese data indicate that the nuclear

exclusion that results from phosphorylation of S&b6nediated via phosphorylation of



T24 and S319. Furthermore, mutation of S256D wasfficient to prevent the function

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

Decrease in transactivation of target genes by Famaesponse to IGF-1 treatment, as
determined using a luciferase reporter gene caetsishowed phosphorylation of S256 to
be necessary for induction of expression of doveastr atrogenes. However, mutation of
S256 to an alanine targets Foxol to the nucleusicating that DNA binding is
dependent on more than nuclear-cytoplasmic lod&diza Foxol-DNA binding is
dependent on characteristics of Foxol that arecteffieby phosphorylation of S256 as

well, such as phosphorylation of T24 and SHig\re 1.3 reference 15).

Akt or SGK

~
-

roxol

| u '|,_' "[," l"" 1""’ _;_ur. | '.

Figure 1.3 Model of possible mechanism for disption of Foxol-DNA interaction
by phosphorylation of S256. This model also accounts for the increase in
phosphorylation of T24 and S319 that occurs whes632 phosphorylated.



C. Regulation

Regulation of Foxo-mediated muscle atrophy occursugh the IGF/Akt/PI3K pathway
(Figure 1.4). Atrophy caused by overexpression of FOxo3A athbC2C12 myotubes
and tibialis anterior fibers was inhibited by IGieatment or by overexpression of Akt
(19), whereas treatment of muscle cells with IGprdmoted hypertrophy (20). While
this pathway is integral to Foxo signaling, othestptranscriptional modifications affect
Foxo activity. Acetylation, ubiquitination, and ggphorylation via other proteins also

regulate Foxo’s ability to induce expression of&drgenes.
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Figure 1.4 Foxol nuclear import and export pathway

Insulin like growth factor (IGF) binds to its menalbe-bound receptor (IGFR), thereby
activating PI3K which converts PIPto PIR. Akt binds to PIB, where it is
phosphorylated by the mTOR-Rictor complex and PDRhosphorylated Akt acts as a
kinase and directly phosphorylates Foxol. Foxoiclvihas been phosphorylated is
excluded from the nucleus. PP2A can directly dsphorylate Foxol, thus driving
nuclear import.

1. 1GF/AK/PI3K pathway

The pathway that leads to cytoplasmic retentioR@{o begins when a growth stimulus,
such as IGF- (insulin-like growth factor) 1, platetierived growth factor (PDGF),

epidermal growth factor (EGF), insulin, thrombimn,nerve growth factor (NGF), binds to



its respective membrane-bound receptor and acsi@tesphatidylinositol-3-kinase (21,
22). PI3K phosphorylates phosphatidylinositol-BiSphosphate (PHP, converting it to

phosphatidylinositol-3,4,5-trisphosphate (gJRvhich forms a lipid binding site on the
cell membrane for Akt, a serine/threonine kinasé.the membrane, Akt is activated via
phosphorylation by the kinase phosphoinoside-dep@ndiinase 1 (21, 23). Akt-
mediated phosphorylation of Foxol leads to nuateafusion and deactivation of Foxol
(24). This effect is mediated through mTORC2 (Whiontains Rictor) and not through

rapamycin (25).

2. Serum and glucocorticoid-inducible kinase

Another kinase which is structurally related to Akid phosphorylates Foxo is serum and
glucocorticoid-inducible kinase (SGK; reference 8jke Akt, SGK is phosphorylated by
PDK1 and PI3K and then phosphorylates Foxo (26)kt #&d SGK have the same
putative binding sequence and can phosphorylateahee residues on Foxo. However,
experiments have shown that Akt preferentially phasylates S256 whereas SGK
preferentially phosphorylates S319 (9). Howevekt Aloes phosphorylate S319,

indicating that Akt may be able to compensate BKS27).

3. Casain Kinase 1

Casein Kinase (CK1) is a serine/threonine kinasat i8 negatively regulated by
autophosphorylation (28). CK1 phosphorylates Foab1lS319 and S322 after it has
already been phosphorylated at S316 (10, 29). ghlooglation of S319 is a precursor to
S322 phosphorylation by CK1. In PDK1 embryonic ékmut cells (which are used to

further determine the role of Akt in various patlywdecause they fail to phosphorylate

10



and thus activate Akt), no phosphorylation of Faxothe Akt phosphorylation sites or
CK1 sites (S319 and S322) occurred, clearly dematisty the dependence of CK1

phosphorylation of Foxol on priming by Akt (10).

4. DYRK1A

DYRK kinases are also serine/threonine kinases tlak regulated by
autophosphorylation (30). DYRK1A phosphorylatesxé’b at S329, which, together
with the residues S316, S319, and S322 phosphedylay Akt and CK1Kigure 1.2),

create an acidic patch. This acidic patch increabe rate of nuclear import via

interaction with the Ran protein complex (10).

5. Ras-Ral

The Ras-Ral signaling pathway has been shown toeinée Foxo4’s transactivational
capacity but not its nuclear-cytoplasmic localiaati However, this pathway has as of
yet not been shown to affect other Foxo transaiptiactors, and its involvement is
particularly questionable due to a low degree ofiseovation of the Ral-dependent

phosphorylation sites (31).

6. 14-3-3

14-3-3 binds cooperatively to an NLS and NES ond-ag a dimer and assists in its
nuclear export (12, 17). When Foxo3A is bound4e313, dephosphorylation by PP2A
of Foxo3A at T32 and S253 (T24 and S256 on Foxsl)decreased. However,
dephosphorylation of these sites by PP2A is necgdea dissociation of 14-3-3 from

Foxo, nuclear import, and expression of target geimelicating that these phosphorylated

11



residues act as docking sites for 14-3-3 (13).rdIsealso evidence that increased 14-3-3
binding increases Foxo degradation, presumably antaining Foxo in the cytoplasm

where it can be tagged by ubiquitin.

7. PP2A

To date, PP2A is the only known phosphatase thattlly dephosphorylates Foxo. This
finding is particularly significant to our understhng of Foxol regulation in that it

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

8. Acetylation

In healthy cells, Foxo is predominantly in the @fesm. Stress inducers, such as low
concentration BD,, can stimulate nuclear translocation and Foxoliledign in a manner
that is not sensitive to growth factors. It isemdsting to note that stress-induced
acetylation does not affect growth factor-inducekt fdor SGK) phosphorylation and
stress-induced nuclear targeting overrides theptgsmnic retention that would normally
result from Foxo phosphorylation (32). Oxidativeess leads to association with
p300/CREB-binding protein (CBP) and p300/CBP-assedi factor (PCAF), which leads
to acetylation of Foxo4 at K186, K189, and K408)(33 hese acetylation residues are
primarily in the DBD, indicating that acetylatioikely regulates DNA binding. This
hypothesis was confirmed through further experimigom which demonstrated that
deacetylation of Foxo by Sirtl inhibits its tranbaational activity and prevents cell

apoptosis (32, 34).

12



9. Ubiquitination and proteasomal degradation

Cytoplasmic Foxol phosphorylation leads to ubigatiion and subsequent proteasomal
degradation (35). However, over the 2-4 hour tpeeod of the studies shown in this
work, negligible change in the cytoplasmic fluomste occurredRigure 1.5. Skp2, a
member of the SCF ubiquitin ligase complexes, le@nhbdentified as the ubiquitin ligase
that ubiquitinates Foxol. Phosphorylation of SBB6Fox01 is a necessary precursor to
Skp2-induced ubiquitination and thus induces psuiesl degradation of Foxol. Foxol
ubiquitination results in decreased total Foxothi cell due to proteasomal degradation
and is thus a mechanism for reducing Foxol acti{86). Discussion of proteasomal
degradation will continue in further detail in thscle atrophy section ofRole of Foxo

in muscle.

28 —@— cytoplasmic fluorescence

1.5

1.0+ M

0.5

clec

0.0 : . - . - .
-40 0 40 80

Minutes

Figure 1.5 Cytoplasmic Foxol-GFP expression doestchange during experiments.

Degradation of Foxol is not detectable during expents.
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D. Foxo isoforms

Four members of the forkhead transcription factonify are found in humans; Foxol
(FKHR), Foxo3A (FKHRL), Foxo4 (AFX), and Foxo6. ¥al, Foxo3, and Foxo4 are all
expressed in skeletal muscle, however Foxo6 isesspd mainly in the brain and is not
present in muscle (37). In adult mice, Foxol igregsed in many tissue types, but most
strongly in ovary and uterus tissue. Foxo3 (theimeuortholog of Foxo3A) is expressed
in all tissue types studied in Biggs et al., 20@hereas Foxo4 is expressed only in
skeletal muscle (5). Moreover, Foxol and Foxo3&the forkhead transcription factors
associated with muscle atrophy, and upregulatioritbfer one individually has been

shown to be sufficient to induce muscle atrophy, G3.

Human Foxo transcription factors and their murintha@ogs have very high homology.
In their forkhead domains Foxol and Foxo3A are 10@ntical to their murine

orthologs, and Foxo4 is 96% identical. Over themtire lengths, their homology
decreases but is still very high. Foxol has 91&&0BA has 94%, and Foxo4 has 86%

identity to their respective murine orthologs (5).

Despite their homology, the functions of Foxo tamgion factors seem to be diverse.
By developing knockout mice of each isoform, theque function of each Foxo

transcription factor has been made cleaf@xol knockout mice were embryonic lethal.
Development of the vasculature of the yolk sack diagnished in comparison to control
fetuses indicating that Foxol is an essential agulof embryonic vessel formation.
Furthermore, Foxol showed a high level of expressmodeveloping vessels, and the

physiological and temporal location of Foxol suggésat Foxol plays an important role
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in the process of embryonic angiogenegiexo3a-null mice had age-dependent reduced
fertility, indicating that Foxo3A is necessary favarian follicular development.
Interestingly,Foxo4-null mice did not exhibit any noticeable phenotypdosaka et al.,
suggest that it is possible thabxo4-null mice may not respond normally to specific
treatments which have not yet been determinedstedg39). Moylan et al, established a
function of Foxo4. In C2C12 myotubes, Foxo4 wasvanto mediate the upregulation
of atrogin induced by tumor necrosis factor (TNFBF/Akt/Foxo signaling was intact,
but Foxol and Foxo3 were not affected by TNF treatm The only Foxo transcription

factor affected by TNF was Foxo4 (40).

There is evidence that the different Foxo isofoaresall regulated in the same ways and
that they regulate transactivation in a redundaammer. For instance, Foxol, FOX03A,
and Foxo4 are all phosphorylated by Akt (5, 7, 44). In C2C12 cells that had been
starved or treated with the synthetic glucocorticoiexamethasone, two models of
myotube atrophy, Foxol, Foxo3, and Foxo4 all apmbao be phosphorylated and
dephosphorylated in a similar manner. Furthermtire,function of Foxol and Foxo4

were reduced by expression of dominant negativeo8ax(19). In vivo, Foxol and

Foxo3 also seem to respond similar to each otherthe diaphragms of 12- and 24-
month old mice, nuclear Foxol and Foxo3A were desgd in comparison to the nuclear
Foxol and Foxo3A found in the diaphragms of 2-mouith mice. However, Foxo4

nuclear presence remained the same, indicatingFradl, Foxo3A, and Foxo4 are not

completely redundant and are in part regulatectdifftly (43).

More recently, differences in both the function aedulation of the Foxo transcription

factors have been highlighted. Both Foxol and Bax@spond to nerve growth factor
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(NGF) with nuclear efflux, but Foxo3A has been shdwbe more sensitive to NGF than
Foxol in PC12 cells. Consistent with this, Foxad4clear export occurred at a higher

rate than that of Foxol (44).

In skeletal muscle, the similarities and differencbetween expression of Foxo

transcription factors were examined in depth. Egpion of Foxol and Foxo3 was
upregulated in mouse gastrocnemius during stamvatifxol gene expression increased
noticeably at 6 hours and peaked at 12 hours ofattan, returning to normal after 24

hours of refeeding. Foxo3 mRNA increased noticgal6 hours of starvation but did

not peak until 24 hours of starvation and alsorretd to normal levels after 24 hours of
refeeding. Only a small change was seen in Foxoé g@xpression during starvation and
refeeding. During starvation, blood-glucocorticdelvels increase. In response to
glucocorticoid treatment, Foxol expression incrdageee-fold whereas Foxo3 and
Foxo4 increased only slightly (1.3- and 1.6-foldpectively). These results indicate that
elevated glucocorticoids are sufficient to induae iacrease in expression of Foxo
isoforms to differing extents and are possibly cliseresponsible for the increase in Foxo

expression in skeletal muscle that results fromvatan (45).

In summary, Foxo isoforms have similar DNA bindidgmains (DBD) and consensus
binding sites, but not the same functions, as legmonstrated by the differences in
phenotype of Foxol, Foxo3A, and Foxo4 knockout ngxe39). Overall, based on the
diverse functions and differences in regulatiore Foxo proteins do not appear to be
redundant. How are the isoforms induced to regutheir different functions? One

answer is possibly difference in cell-type expresdevels. Another answer is binding

partners that increase specificity or inhibit binglito specific promoter regions. A third
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possibility is that specific combinations of postrtscriptional modifications promote
specific functions over others. It is likely trmtombination of the mentioned regulators

and/or other factors control specificity of Foxahited protein expression.

E. Function

Transcription factors from the forkhead family pess diverse function. Foxo is a major
player in many vital cellular functions such asl @ebliferation, cell cycle, and cellular

survival (6, 24, 46, 47). In fact, Foxol is crucia fetal development, and Foxol
knockout mice are embryonic lethal (39, 48). Thepamance of Foxol was also
demonstrated using cre-mediated disruption of Faxqdression, thereby demonstrating
its function as a tumor suppressor (39, 48). Aeaopexample of crucial regulation by a
forkhead family member is the athymic immunodefitieude mouse. This phenotype is

due to a mutation iminged helix nude (49).

F. Rolesof Foxoin muscle

While the role of Foxo transcription factors in rolesis somewhat diverse- including
regulation of muscle differentiation, glucose melam, angiogenesis, and skeletal
muscle fiber type remodeling - its recognized pmyneanportance is regulation of muscle
atrophy. Overexpression of Foxol in skeletal masekults in decreased muscle size,
decreased number of type | fibers, and impairedesdemuscle function (38). In

addition, expression of Foxol is upregulated aftesting and under other stress
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conditions in skeletal muscle (50). Muscle atrgpigo referred to as muscle wasting, is
characterized by a decrease in muscle mass duddoraase in the size of muscle fibers,
not the number of fibers. Muscle atrophy resuttsnf bed rest, disuse, denervation,
diseases such as AIDS and various forms of casepsjs, and aging. Therefore, skeletal
muscle is a beneficial system in which to develdfpaol model. Here, we will briefly
review the structure of skeletal muscle and thehlight 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 polynuetbawith nuclei generally located on the
periphery Figure 1.6). Flexor digitorum brevis (FDB) is composed prithyaof fast

twitch fibers.

Figure 1.6 FDB fiber at different magnification.

Striations are denoted with blue arrows and nwleiidentified with green circles. Scale
bars are 2@um.
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Foxol regulates the rate of fusion of differentigtprimary myotubes and it targets the
nucleus in myoblast differentiation in a mannert tisaAkt-dependent (24, 51). Foxol
also affects muscle type expression. In mice, ey@ession of Foxol in skeletal muscle
resulted in muscles that were whiter in color, eéating a decrease in slow-twitch
muscles fibers. In fact, histological studies sbdva significant decrease in slow-twitch
fibers. Furthermore, these mice had decreasedinginwheel activity, indicating

decreased endurance, consistent with reduced sldehtfiber expression (38).

2. Glucose metabolism

Muscle is the most abundant tissue involved in gdecuptake, and thus is important in
organismal glucose metabolism. In C2C12 cells, egaxpression of pyruvate
dehydrogenase kinase 4 (PDK4), an important enzymthe regulation of glucose
consumption, was shown to be positively regulatgdFbxol, indicating the role of
Foxol in regulation of energy metabolism (45). destingly, transgenic mice
overexpressing Foxol specifically in skeletal med@d impaired glycemic control after

both oral glucose and intraperitoneal insulin itiggt (38).

Expression of Foxol and Foxo3 is upregulated insaagastrocnemius during 24 hour
starvation. After 24 hours of refeeding, Foxol &uko3 gene expression returned to
normal levels. During starvation, blood-glucoooutd levels increased. In response to
glucocorticoid treatment, Foxol expression incréadeee-fold and Foxo3 and Foxo4
increased slightly, as well. These results in@ictitat elevated glucocorticoids are

sufficient to increase expression of Foxo transiomp factors and may be directly
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responsible for the increase in Foxo expressiom tasults in skeletal muscle from

starvation (45).

3. Age-dependent activity

Muscle atrophy is a major symptom of aging, and thge-dependent activity of Foxo is
of interest. The role of the Foxo transcriptiontfas in aging was explored by Furuyama
et al. They determined that Foxo3A and Foxo4 mRM#e elevated in the skeletal
muscle of 6 month old rats in comparison to 3 adandnth old rats; however no change
in the Foxol mRNA levels with age was detected.eyThoncluded that the caloric

restriction-induced increase in Foxol and Foxo4 rARENn decrease aging (52).

In the mouse diaphragm, DNA binding activity is ukded by both age and mechanical
stimulation. Pardo et al. determined that DNA Ibagdactivity of Foxol and Foxo3A
were significantly reduced in the diaphragms of @th old mice that had undergone
constant mechanical stretch to 2.22 g/cm for 15utes compared to in the diaphragms
of control mice which had not been stretched. Heexethis decrease in activity was not
seen in the diaphragms of 24-month old mice affeminutes of constant mechanical
stretch. Furthermore, basal DNA-binding activifyFmxol and Foxo3A were lower in
the diaphragms of 24-month old mice than in thds2 month old mice, demonstrating

the age-sensitivity of Foxol and Foxo3A in the tiagm (43).

Temporal regulation is seen not only in the diaghra Foxol is highly expressed in
developing blood vessels. At E9.Bpxol-null mice vasculature showed immature

development, indicating that Foxol plays an impurtale in embryonic angiogenesis,
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but not in the initial vasculogenesis. The ageetelent reduced fertility dfoxo3A-null

mice is another example of the importance of temlp@gulation of Foxo (39).

4. Muscle Atrophy

Muscle atrophy is characterized by a decrease énativmuscle size due to a reduction in
the size of individual fibers. Both Foxol and F8Rocontrol the delicate balance
between muscle atrophy and muscle hypertrophy.trdnsgenic mice overexpressing
Foxol selectively in skeletal muscle, lower netyoodass and smaller muscles were
observed, demonstrating Foxol to be sufficient moluce muscle atrophy (38).
Overexpression of Foxo3A, in both C2C12 myotubes ténalis anterior fibers induced

atrophy, whereas expression of dominant negativeo¥A prevented muscle atrophy
(19). Foxol has also been shown to mediate mwobphy in both DNA binding-

dependent and binding—independent manners (53).

Two major pathways mediate the proteolysis whicldeulies muscle atrophy: the
ubiquitin/proteasomal pathway and the autophagioBgmal pathway. In the
ubiquitin/proteasomal pathway, proteins are taggét ubiquitin and thus marked for
subsequent proteasomal degradation (54). In $esbmal pathway, portions of the cell
are enclosed in vacuoles called autophagosomesopAagosomes fuse with lysosomes

and degradation occurs via lysosomal hydrolases (55

Two E3 ubiquitin ligases, atrogin-1 (MAFbx) and MER were determined to be
necessary to Foxo regulation of muscle atrophy. (%8 ubiquitin ligases are part of the
ubiquitin/proteasomal pathway and catalyze thechttent of ubiquitin to proteins, thus

marking them for degradation (57). Therefore, Fexoften referred to as a part of the
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ubiquitin/proteasomal pathway. However, increasegression of the lysosomal
proteinase Cathepsin L in transgenic mice overesgimg Foxol selectively in skeletal
muscle indicates that the cause for the decreasgzé of muscle fibers is lysosomal
protein degradation (38). Foxo3 has been showagdolate the transcription &C3 and
Bnip3, two autophagy genes, providing further eviden¢eth® role of lysosomal
degradation in Foxo-mediated atrophy. Foxo3 cdstboth the ubiquitin/proteasomal
pathway and the autophagic/lysosomal pathway inu#galy (25). Caspases (58) and
calpains (59) may play a role in proteolysis legdio atrophy, as well. However,
lysosomal and proteasomal degradation accountgproaimately 90% of proteolysis
occurring in atrophying muscle, indicating that affect that caspases and calpains have
is minimal (60). While Foxo3 controls both the aintin/proteasomal pathway and the
autophagic/lysosomal pathway independently (255p9pmal degradation accounts for

the greater portion of proteolysis which occur§axo3-induced muscle atrophy (60).
5. Excitation-contraction coupling

The method by which electrical stimulation of a wlasfiber is converted to muscle
contraction is termed excitation-contraction (E@ugling. This process includes the
depolarization of the cell membrane, internal clesnm the Dihydropyridine receptors
(DHPRs) which are mechanically coupled with skélgtascle Ryanodine receptor €a

channels (RyR1), and induction of rapid°Ceelease from the sarcoplasmic reticulum
(SR) into the cytosol via RyR1 (61-63). Depolatiaa of the fiber causes an action
potential which is propagated both radially andanaly, primarily via charge movement
through Navl.4, the sodium channel skeletal muscform, all along the sarcolemma

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

The Foxo pathway leads to activation of atrogenes s atrogin-1 and MuRF-1 (19, 53,
56). Although the pathway for Foxol regulation hegn explored in depth in many
muscle and non-muscle tissue types, the extentkamradics of its nuclear-cytoplasmic
redistribution in response to various physiologigathological, and pharmacological
stimuli has not been fully defined in skeletal nlasevhere the mechanism underlying
muscle atrophy is of therapeutic interest. Manpakes which are active in the
phosphorylation of Foxol have been identified ifiedent cell types, but their location
and nuclear or cytoplasmic activity have not besrestigated in muscle or other cell
types. Further characterization of this pathwayy rhalp in the development of new
therapeutic avenues to minimize, and possibly treatletal muscle atrophy in diseases

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

KINETICS OF NUCLEAR -CYTOPLASMIC TRANSLOCATION OF FOXO1 AND

FOXO3A IN ADULT SKELETAL MUSCLE FIBERS

The information contained in this chapter was mmh#d in American Journal of
Physiology- Cell Physiology. As first author, Iread out the experiments and their
analysis. Together with Drs Tiansheng Shen andiM&chneider, the experiments were

planned and interpreted.

A. INTRODUCTION

The Fox (brkhead bok transcription factor superfamily, including thexe family, is
characterized by a common 100-residue DNA-bindioghain known as the forkhead

domain. Foxo is an evolutionarily conserved traipsion factor family that is a major

24



player in many vital cellular functions such asl @ebliferation, cell cycle, and cellular

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

humans; Foxol, Foxo3A, Foxo4, and Foxo6. Thesalhexpressed in skeletal muscle
except Foxo6 which is mainly expressed in the bf&in). In adult mice, Foxol is

expressed in many tissue types but most strongbvary and uterus tissue, Foxo3 (the
murine ortholog of Foxo3A) is expressed in alldisdypes studied in Biggs et al., 2001,
whereas Foxo4 is only expressed in skeletal my%gle However, Foxol and FoOxo3A
are the forkhead transcription factors associatild mvuscle atrophy and upregulation of
either one individually has been shown to be sigffitto induce muscle atrophy (19, 38).
Foxol knockout mice are embryonic lethal and creliated disruption of Foxol

expression indicates that Foxol acts as a tumagresgor (39, 48). In muscle, Foxol
has been shown to regulate myotube differentianod skeletal muscle fiber type
remodeling (24, 47). Activation of the Foxo patlywaads to expression of atrogene
products atrogin-1/MAFbx and MuRF-1, proteins thet integral to the development of

muscle atrophy (19, 53, 56).

The phosphorylation status of Foxo regulates it€lgasr entry and activation of
atrogenes. Foxol has three highly conserved A&b faown as protein kinase B, PKB)
phosphorylation sites; Thr-24, Ser-256, and Ser-3a%human Foxol (6-8). Many
growth stimuli, such as insulin-like growth factdfSF) 1, can bind to membrane-bound
receptors which activate phosphatidylinositol-3dga (PI13K) and subsequently Akt (21,
22).  Although the primary regulation of Foxo occuthrough Akt-mediated

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

phosphorylate these residues as well. Casein &idagCK1), DYRK1A, and other
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kinases have different recognized phosphorylatibtes s(10-12). Ser-256, which is
phosphorylated by Akt, is located in a basic regabrthe C-terminal end of the DNA
binding domain (DBD) that has been shown to fumcths a nuclear localization signal
(NLS; reference 15). There is a leucine-rich nackxport signal (NES) in the region C-
terminal to the DBD of Foxol. In FL5.12 and NIH3¢ell lines, phosphorylated Foxol
can be dephoshosphorylated by PP2A, a serine/timephosphatase, allowing Foxol to
enter the nucleus. Okadaic acid (OA), a PP2A intnipprevents this dephosphorylation,

thereby inhibiting the nuclear influx of Foxol (14)

Although the pathway for Foxol regulation has begplored in depth in many muscle
and non-muscle tissue types, the extent and kmetit its nuclear-cytoplasmic

redistribution in response to various physiologigathological, and pharmacological
stimuli has not been fully defined in skeletal nlasevhere the mechanism underlying
muscle atrophy is of therapeutic interest. Furttteracterization of this pathway strives
to aid in the development of new therapeutic avertoeminimize, and possibly treat,
skeletal muscle atrophy in diseases such as segsiste insulinopenia, HIV, as well as

age-related muscle atrophy (14).

Here, we use confocal microscopy to image adenibvirexpressed Foxol-GFP
(adFox0l-GFP) or Foxo3A-GFP (adFoxo3A-GFP) in lyicultured adult skeletal
muscle fibers to determine the kinetics of theiclaar-cytoplasmic translocation and
what factors affect theses kinetics. We demorestiat under resting conditions Foxol
is cycling into and out of the nucleus rapidly, butxo3A is cycling 20 times slower.
Nuclear entry of Foxol can be blocked by activatbthe IGF-1/PI3K/Akt pathway or

by inhibition of the phosphatase PP2A. LeptomyBinLMB) irreversibly binds to
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chromosome region maintenance 1 (CRM1) and inhrhitdear efflux of Foxol, thereby
enabling the calculation of the rates of unidirecéil nuclear influx under conditions with
different levels of phosphorylation of Foxol. Campon of the responses of
endogenous Foxol and adenovirally expressed Fokxd14G the treatments described
above identifies our model system as being an ateuand useful tool in the kinetic

study of changes in subcellular distribution of 8bxn skeletal muscle fibers.

B. METHODS

1. Materials

Okadaic acid, staurosporine, and IGF-1 were pusth&®m Sigma Aldrich (St. Louis,
MO) and Leptomycin B from LC Laboratories (WobultA). The Akt inhibitor Akt-1-
1,2 and the PI3K inhibitor LY294002 were obtaingdni Calbiochem (Darmstadt,

Germany).

2. Isolation and culture of adult FDB muscle fibers

The flexor digitorum brevis (FDB) was isolated fradult female CD1 mice (4-6 weeks
old). Animals were euthanized by asphyxiation ®@, followed by cervical dislocation
according to protocols approved by the Universitimaryland Institutional Animal Care
and Use Committee. Individual fibers were enzyoadly dissociated and cultured using
a modified protocol previously described in Liua&t2009 (66). Briefly, the muscle was
incubated in MEM (Invitrogen, Carlsbad, CA) contam 3.5 pg/ml Collagenase type |

(Sigma-Aldrich), 10% FBS, and 50 pg/ml gentami@n hours at 37° to enzymatically
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dissociate the muscle. Manual manipulation to sepandividual fibers was done by
triturating the muscle gently in media containing collagenase. Approximately 50

fibers were then plated in a laminin-coated glastteimed dish.
3. Adenoviral infection of cultured FDB fibers

Fibers were plated in 2 ml serum-free MEM with 9.20° PFULI adFoxo1-GFP or 4.8 x
10° PFUl adFoxo3A-GFP lysate and incubated for 48-72 houfEhe adenovirus
encoding Foxol-GFP was a gift from Dr. Joseph @ihiversity of Texas Southwestern
Medical Center, reference 67) and the Foxo3A-GFPnadrus was purchased from
Applied Biological Materials (Richmond, British Gohbia, Canada; catalog #000420A).
Both adenoviruses were amplified in our lab. Inthboonstructs, the GFP fusion tag is

attached at the C-terminal of Foxo.
4. Confocal fluorescenceimaging of living cultured adult muscle fibers

Half hour prior to imaging, the culture dish wasnmved from the incubator and the
culture media was removed and replaced with L-18ian@nvitrogen). The culture dish
was then set on the stage of an Olympus IX70 iedenhicroscope equipped with an
Olympus FLUOVIEW 500 laser scanning confocal imagisystem, with excitation
wave-lengths of 488 nm and 647 nm. Fibers wereretewith an Olympus 60X/1.2 NA
water-immersion objective and scanned at zoom 8efexFigures 2.1A-B and 2.3A-B
which were scanned at zoom 1) using consistent tagput and gain. Then, 30 minutes
after media change to L-15, images were taken®anButes at 10 minute increments to
establish a stable baseline in each individualrfibAfter the last baseline image was

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

point; only additions of small volumes of reagentse made.

In cases of strong nuclear uptake of Foxol-GFRudmeg the fiber inFigure 2.3B, the

nuclei of the fiber reached saturation of our didecsystem using the control laser
intensity. Therefore, continued imaging used desed laser intensity to avoid nuclear
saturation. However, the images showrFigure 2.3 were taken at the original laser
intensity with saturated nuclei for qualitative qeamison to show the overall extent of the
effect. The change in laser intensity when satumabccurs does not affect our
guantification of nuclear concentration becausecaleulate the nuclear concentration as
a nuclear to cytoplasmic fluorescence ratio, anth ibe nuclear and cytoplasmic

fluorescence are affected by the same percentdoygehin laser intensity.

5. Image analysis

The mean pixel fluorescence of the cytoplasm andlems from each image was
guantified using an area of interest in Image hdgated inFigures 2.3A and 2.3C
and then the background mean pixel fluorescenceswlisacted from each. The ratio of
nuclear mean pixel fluorescence to cytoplasmic meael fluorescence (n/c) is
calculated for each time point to allow comparisdmuclear fluorescence independent
of expression levels of Foxol-GFP and should b@gtmnate to nuclear concentration
normalized to cytoplasmic level of expression. dent's t-tests were used for
comparisons of data obtained from two experimeotaiditions, and differences were

considered significant if p < 0.05.
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6. Fluorescence immunocytochemistry

Fluorescence immunocytochemistry was carried out &hen et al. (68). Briefly, fibers
were fixed with 4% paraformaldehyde, permeabilinéth 0.2% Triton-X-100 in PBS,
and then blocked with 5% normal goat serum. Filvegse incubated with anti-Foxol
(Cell Signaling, #2880), anti-actinin (Sigma), or anti-nucleophosmin (Zymed, San
Francisco, CA) overnight followed by overnight ibation with a fluorescent-tagged
secondary antibody. The stained fibers were imaggaug the confocal microscope and
lasers described above. Colocalization of immwur#scence images were merged,
mean pixel fluorescence measured as a functioristdrece for tracings, and enhanced

using Image J. No other image in this paper waseced.

7. Western blotting

Protein extraction and western blotting techniqwese performed as described in Shen
et al. (69). Briefly, FDB were cultured for 2 dagad then treated for 80 minutes as
indicated. Fibers were then collected and mixeth wl-PER (Thermo Scientific,
Rockford, IL) and a protease inhibitor cocktail (fRe Diagnostics, Indianapolis, IN) and
passed through a 21 gauge syringe several timkswed by high speed centrifugation.
The supernatant was combined with sample reducgentaand LDS sample buffer
(Invitrogen), heated at 70° for 10 min, and runeoNUPAGE Novex 4-12% Bis- Tris gel
(Invitrogen). Proteins were transferred to a PVBEmMbrane. Akt antibody (Cell
Signaling, #9271) and phosphospecific Akt antib¢@gll Signaling, #9271) were used

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

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

with endogenous Foxol in adult muscle fibers

To establish a live adult muscle fiber system tplese the phosphorylation dependency
of the kinetics of Foxol nuclear-cytoplasmic traskion in skeletal muscle, we infected
cultured adult FDB fibers with an adenovirus codiiog Foxol-GFP, which can be
tracked quantitatively in subcellular regions ofing muscle fibers using fluorescence
confocal microscopy. To validate this system, vist fcompared the sarcomeric
localization as well as nuclear-cytoplasmic disttibn of endogenous Foxol to that of
adenovirally expressed Foxol-GFFigure 2.1). Using immunocytochemistry we
established the subsarcomeric colocalization ofogadous Foxol witha-actinin
(Figure 2.1A, right panel), a well-established Z-line protein. Foxol-GFPsoal
colocalized witha-actinin Figure 2.1B, right pane), demonstrating consistent Z-line
localization of both expressed Foxol-GFP and endmge Foxol. In agreement with
these findings, antibody staining of Foxol andftherescence of Foxol-GFP in fibers
expressing Foxol-GFP displayed colocalization (dad& shown). Under resting
conditions, Foxol1-GFP is also present in the nunla generally diffuse patterfigure

2.1B, left pane), but does not enter the nucleolus (data not shown
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Figure 2.1 Subsarcomeric distribution of endogenaiFoxol and exogenous Foxol-
GFP.

Representative confocal images of immunocytochemetsays of endogenous Foxol
(A) and fluorescence of Foxol-GFB)(with a-actinin establish its Z-line localization.
Each top figure shows a large section of a fibehwired square indicating the segment
of the fiber that is magnified below it. Below @aenlarged region is a graph
demonstrating the total fluorescence of the enthmggion as a function of distance as
detailed on the x-axis. Scale bars arguD
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We next compared the nuclear/cytoplasmic mean pikglrescence (n/c) ratios of
immuno-stained Foxol-GFP and endogenous Foxol ucaolgrol conditions. The
normalization to cytoplasmic levels provides a nseahcomparing the concentrations of
nuclear Foxol in a manner that is not expressigesw@ent. The n/c ratios attained using
immunocytochemistry of endogenous Foxol agreed wbrgely with n/c ratios of

immuno-stained Foxo1l-GFP under control conditidfigyre 2.2A).
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Figure 2.2 Nuclear/cytoplasmic fluorescence ratiosf expressed Foxol-GFP and
endogenous Foxol.

(A) Quantification of nuclear/cytoplasmic fluoresce ratios (n/c) of Foxol-GFP
(n=16/20) in black and antibody stain for endogenBoxol (n=16/22) in red showing
nuclear/cytoplasmic distribution to be comparabider control conditions as determined
using immunocytochemistry. (B) Foxol-GFP (n=20yé&ermined to be expressed at a
level 7-fold that of endogenous Foxol (n=22). Datarepresented as means * SE.

To further characterize our conditions, we compathd cytoplasmic anti-Foxol
fluorescence levels in fibers expressing Foxol-@RB in non-infected control fibers.

We treated both sets of fibers with anti-Foxol priynantibody and conjugated Alexa-
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647 secondary antibody (which does not interfetl @iFP emissions) and found that the
total Foxol cytoplasmic concentration in infectdgbfs was approximately 7-fold that of
uninfected fibersKigure 2.2B). A typical area of interest used for determinihg mean

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

in the left image ifFigure 2.3A and that for a nucleus is shown in redrigure 2.3C.

C D
Control Control
IGE Stauro-
sporine

80 min 80 min

Figure 2.3 Broad spectrum kinase inhibitor stauroporine promotes Foxol nuclear
entry.

Representative confocal images of single fiber® @nd 80 minutes of IGF-1A} or
staurosporineR) treatments, as labeled. Red arrows point toenu@ver 80 minutes of
IGF-1 treatment the nuclear concentration of Forodlei decreases visibly whereas the
nuclei of the fiber treated with staurosporine @age to the point of saturation. The red
box indicates an average cytoplasmic region useguémtify cytoplasmic fluorescence.
Scale bars are 20m. Magnification of individual nuclei from contrdéibers, a fiber
treated with IGF-1 €), and a fiber treated with staurosporir),(as labeled. The
fluorescence of the control nuclei increase veightlly whereas IGF-1 treatment causes a
decrease in nuclear fluorescence and staurospoma@ment causes an increase in
nuclear fluorescence. The red outline in panehdicates the nuclear region used to
qguantify nuclear fluorescence. Scale bars amn5
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The similarity in sarcomeric localization and nwasleytoplasmic distribution of
expressed Foxol-GFP and endogenous Foxol, coupleccensistency in response to
phosphorylating and dephosphorylating agents (Segere 2.4 below) leads us to
conclude that adenovirally expressed Foxol-GFRgscal model for endogenous Foxol.
The system of adenovirally expressed Foxol-GFRiltued adult skeletal muscle fibers
is thus a useful tool for real-time monitoring ohdtics of translocation of Foxol in live

cells in a quantitative manner.

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

Under the standard conditions used for these esudibers exposed to adenovirus
Foxol1l-GFP were cultured in serum-free media wittaaltted growth factors for 48 to 72
hours. The media was then changed to L-15 imagneglia (as described in the
materials and methods section above) with no added growth factors ourser Treatment
with 100 ng/ml IGF-1, a concentration that produbesh mytogenic and myogenic
responses in cultured myoblasts (70), caused a rapd marked reduction in the
concentration of nuclear Foxol-GHRdures 2.3A and Q. After 20 minutes of IGF-1
treatment, nuclear/cytoplasmic Foxol-GFP decredeef0% of control, and by 40
minutes reached a steady level of 10% of contfigure 2.4A, red ling. In
comparison, a gradual increase in nuclear/cytoptagioorescence of Foxol-GFP was
observed over the same time period in control §lvenere no changes were made to the
medium bathing the fibersFigures 2.4A-D, black ling. This slow increase in
nuclear/cytoplasmic Foxol-GFP fluorescence is yikkle to the previous removal of the
culture media, which presumably contained secratgdcrine/paracrine growth factors

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

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

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

(A) 100 ng/ml IGF-1 treatment causes a decrease dieanicytoplasmic fluorescence
ratio (n/c) of Foxol (n=4) over time in comparigorcontrol fibers (n=4). §) Treatment
with 1 uM staurosporine (n=4) causes an increase in n/oFakove control levels (n=5)
indicating kinase-dependency of Foxol cytoplasmiemntion. Inhibition of PI3K(E) via
LY294002 (n=4; control n=4) or inhibition of AkD} by Akt-1-1,2 (n=4; control n=7)
increases the concentration of nuclear Foxol. iRdisates that the activity of PI3K and
Akt are individually necessary for cytoplasmic réten of Foxol. [E) Treatment with
staurosporine (stauro), LY294002, and Akt-1-1,2 ilmled phosphorylation of Akt
whereas IGF treatment increased phosphorylatioAkbfas demonstrated with western
blotting techniques for Akt and Akt phosphorylatatl S473. Bar graphs of relative
increase of nuclear Foxol as a fraction of contamditions in Foxol-GFPFj and
endogenous FoxoL5 after 80 minutes control (endogenous n=26; FO®ER n=19) or
80 minutes treatments with IGF-1 (endogenous n¥2k01-GFP n=4), staurosporine
(endogenous n=23; Foxol-GFP n=3), or Akt-I-1,2 @gahous n=29; Foxol-GFP n=6)
as labeled. Autofluorescence and background valees subtracted from endogenous
nuclear and cytoplasmic fluorescence values. Baaepresented as means + SE.
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Treatment with 1 pM staurosporine, a non-specifitage inhibitor, had the opposite
effect from IGF-1; it caused a rapid increase iolear Foxol Figures 2.3B, 2.3D, and
2.4B). After 20 minutes, the nuclear concentratiofrokol increased by 40%, and over
80 minutes it increased by 144%dure 2.4B). The opposite changes in nuclear Foxol-
GFP in response to treatment with IGF-1, an upstrea&tivator of several kinases
including Akt, and staurosporine, a non-specifiaadge inhibitor, demonstrate the

phosphorylation dependence of nuclear fluxes obEox

3. PI3K/Akt pathway is necessary for Foxol phosphorylation

In order to determine the pathway(s) involved ia ghosphorylation of Foxol, which
regulates the nuclear cytoplasmic fluxes of Foxedk employed specific kinase
inhibitors. 25uM LY294002, a specific PI3K inhibitor, induced amcrease in nuclear
Foxo1l-GFP within 40 minutegigure 2.4C). Akt-I-1,2 is a selective inhibitor of Akt 1
and Akt 2 that does not cause significant inhibitocd other kinases with the exception of
CaMK1, a kinase which, to our knowledge, does fiigicathe phosphorylation status of
Foxol (72, 73). 1M Akt inhibitor, Akt-1-1,2 (Figure 2.4D), also caused an increase in
nuclear Foxol-GFP. As determined by western blad a phospho-specific Akt
antibody, 80 minutes of treatment with staurospmrinY294002, or Akt-1-1,2 each
efficiently inhibited phosphorylation of Akf{gure 2.4E). These data indicate that the

PI3K/Akt pathway is necessary to block Foxol nucksdry.

We also compared the relative values of n/c ratibsined for Foxol-GFP and for
endogenous Foxol under control conditions to n/togain the presence of

phosphorylating agents and phosphorylation inhibjtand determined that the ratios are
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similar under the same condition, further validgtthe use of exogenous Foxol-GFP to

monitor Foxol movement in living fibersigures 2.4F-G.

4. Inhibition of PP2A via Okadaic acid decreases nuclear Foxol

The phosphatase PP2A has been shown to directhyodpporylate Foxol in the FL5.12
cell line expressing doxycycline-inducible wild g/f-oxol (14). Treatment of cultured
muscle fibers with 100 nM okadiac acid (OA), a stle inhibitor of the PP2A class of
phosphatases at this concentration (74), drasticatiuced nuclear Foxol and inhibited
the increase in nuclear Foxol that occurs with timeontrol fibers Figure 2.5A-B),

implicating PP2A as a Foxol phosphatase in skaietsicle.

A B —m— control
5| —e-o0A
Control 4|

L 3] QA

i
2

J T il
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Q 80 minutes -40 0 40 80 120
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Figure 2.5 PP2A inhibitor okadaic acid reduces Fax1-GFP nuclear influx.

(A) Representative confocal images of two fibers @n@l 80 minutes of 100 nM OA
treatment (bottom panels) or under control condgi¢top panels). Scale bars argnb.
(B) Quantification of nuclear/cytoplasmic fluorescen@atio (n/c) Foxol-GFP versus
time during 100 nM OA (n=5) or control (n=4) tream demonstrates OA ability to
decrease nuclear Foxol. Data are representedaasmmeE.
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5. Nuclear-cytoplasmic shuttling of Foxol

The results presented thus far show changes innoelear Foxol resulting from
differences between nuclear influx and efflux ok&d. However, the magnitudes of the
simultaneously occurring nuclear efflux and influderlying the observed net flux was
not determined. Treatment with a maximally effeeticoncentration of LMB, an
irreversible inhibitor of the export carrier CRM4&hould eliminate nuclear export of
Foxol. Under this condition, the time course of tesulting buildup of nuclear Foxol
would then occur at a rate equal to its rate oflmectional flux out of the cytoplasm and
into the nucleus. Therefore, using LMB we can wale the rate of nuclear influx of
Foxol under various conditions. Under resting @oors, nuclear influx of Foxol-GFP
occurs at a fast pace in LMB - during 80 minuteexyposure to 40 nM LMB, nuclear
Foxol increased 10 fold-igures 2.6 A-B. Because there is no substantial buildup of
Foxol without LMB under the same (control) condigspwe conclude that fast shuttling
of Foxol into and out of the nucleus occurs indgbheence of LMB. 20, 40, and 80 nM
LMB induced the same rate of nuclear buildup of ¢dgxindicating that CRM-1 is

maximally inhibited by 40 nM LMB under these comalits Figure 2.6C).
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Figure 2.6 Leptomycin B eliminates nuclear effluxof Foxol and allows direct
measurement of the unidirectional rate of nuclearnflux of Foxol.

(A) Representative confocal images of a single mugme treated with 40 nM LMB for
the time indicated. Nuclear Foxol increases wiiiBLtreatment. Due to saturation,
laser intensity was decreased for the second imadigclear/cytoplasmic fluorescence
(n/c) ratio is used to measure nuclear Foxol iexgression independent manner and to
normalize for the change in laser intensity. Staeis 5um. B) Quantification of the
increase in nuclear Foxol in control (n=5) and Lk&ated (n=5) fibers. Q) Time
course of the effects of 20 (n=7), 40 (n=5), and1897) nM LMB treatment on Foxol
n/c. O) As the nuclear concentration of Foxol increaséh WMB treatment the
cytoplasmic concentration decreases (n=12).Addition of 100 nM OA in tandem with
40 nM LMB (n=3) prevents the buildup of nuclear B&xin comparison to that seen in
LMB-treated fibers (n=5). Data represented as me&a8E.

In contrast to our studies without LMB, where FOXBEP is not strongly accumulated in
the muscle fiber nuclei, during LMB treatment FOX8EP can become highly
concentrated in the nuclei and the cytoplasmic BEeX&P fluorescence visibly

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

cytoplasmic fluorescence does not change noticddala not shown).

By conservation of mass,

AC VC = -An Vn ] (1)

where Ac andAn are the coreresponding changes in ¢ and n wiggmea amount of
Foxo1l-GFP moves between the cytoplasm and theimfcemuscle fiber and Mand \,
are the cytoplasmic and nuclear volumes. The mvehre of Ac/An obtained from 11
fibers exposed to LMB for 80 minutes was 0.05 +00Q, which equals the mean value

of V,/V.in these muscle fibers.

6. Role of cytoplasmic phosphatase

The PP2A inhibitor OA induces a decrease in nuckeatol in the absence of LMB
(Figures 2.5A-B. To determine the manner in which this nuclesardase occurs, fibers
were or were not pretreated with OA for 30 minufepwed by the addition of LMB.
Using LMB to determine the rate of nuclear impoitFoxol, we established that OA
effectively inhibits nuclear influx of FoxoF{gure 2.6E). During 60 minutes of OA and
LMB treatment, the nuclear concentration of Foxndreéased linearly with a slope of
0.04 n/c per minute in comparison to control fioeesated with only LMB, where the
slope was 0.19 n/c per minut€igure 2.6E). After 60 minutes of OA and LMB
treatment, nuclear Foxol became constant. Inasmitn fibers treated with LMB alone,
n/c continued to increase linearly during 60 misuté LMB exposure, and showed a
more than 10 fold increase over that of the nuate@acentration at 0 minutes, the point
of addition of LMB Figure 2.6E). Based on these data, we conclude that Foxogaruc
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import is induced by cytoplasmic dephosphorylatimin Foxol 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 labarasy the observation of a rapid net
nuclear influx during application of the CRM1-degdent nuclear efflux blocker LMB
has been taken as evidence for the presence tfedydarge, but near balanced nuclear
influx and efflux prior to the addition of LMB (€16, 75). However, we are unaware of
any previous reports of direct comparison of umidiional influx and efflux rates under
conditions of such nuclear-cytoplasmic shuttlingaafy molecule in any cell type. We
therefore carried out experiments to directly adslrthis point using our muscle fiber
culture system. In order to improve time resoluticn these studies we used more
frequent image acquisition, now at 2 minute inttsyaompared to the preceding results
which were based on images acquired at 10 or 2@itmiimtervals. We first monitored
fibers under control conditions, and then addedheeita maximally blocking
concentration of LMBFigure 2.7, red ling or a highly effective concentration of IGF-1
(Figure 2.7, black ling. The increase in nuclear Foxol-GFP due to LMHBitazh
begins with little delay, as expected for a direffusion-limited pharmacological block
of the nuclear export system by LMB. Subsequettitiy,nuclear accumulation of Foxol
continues at a constant rate for the 40 minuterdeag interval after LMB addition. In
contrast, the decrease in nuclear Foxol-GFP ortiaddf IGF-1 begins with a clear
time lag. This is as expected for the occurrercemulti step signaling cascade initiated

by IGF-1, but accomplished by the sequential atitweof IGFR, PI3K and Akt, leading
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to the eventual phosphorylation of Foxol, whichméliates Foxol nuclear influx and

promotes Foxol net nuclear efflux.

LMB
10- IGE-1

—+— LMB
—u— |GF-1

10 0 10 20 30 40
minutes

Figure 2.7 Nuclear-cytoplasmic shuttling of FOxoIlGFP.

After 10 minutes of imaging at 2 minute incremetdsattain a baseline value of the
nuclear/cytoplasmic ration (n/c), fibers were teeatvith either 100 ng/ml IGF-1 (black
line; n=5 nuclei from 4 fibers) or 40 nM LMB (rethé; n=5 nuclei from 4 fibers) to
prevent nuclear influx or efflux, respectively. élnidirectional rates of nuclear influx
(0.16 +/- 0.03 n/c per min) and efflux (0.12 +/6®.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 unidioeel flux rates under control

conditions inFigure 2.7 we used the mean flux rate from 10 to 20 min aféargent
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addition. This gives a unidirectional influx rate@®16 +/- 0.03 n/c per minute (mean +/-
SE) in 9 nuclei from 8 fibers from 2 experimentsimag-igure 2.7 in the presence of
LMB, and a unidirectional efflux rate of 0.12 +/08 n/c per minute in 10 nuclei from 8
fibers in 2 other experiments in the presence d¥-1G Assuming these unidirectional
flux rates to apply to the control period prior doug addition, the influx rate slightly
exceeds the efflux rate, and would predict a nethti slow but systematic net influx of
Foxol at a rate of 0.04 n/c per minute under cowrwaditions prior to drug addition in
Figure 2.7. This predicted value of net nuclear influx agreery closely with the
experimentally measured slopes of 0.04 +/- 0.01 @8 +/- 0.02 n/c per minute

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

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

In a few experiments we examined the nuclear-dgsopic distribution and shuttling of
Foxo3A in comparison to Foxol. Under control ctiods, the addition of LMB causes
the nuclear fluorescence due to Foxo3A to contislyoincrease with time, indicating a
constant rate of Foxo3A-GFP unidirectional nucielux. The rate of nuclear influx of
Foxo3A in LMB then approximately doubled with thehibition of Akt (Figure 2.8A).
However, the rates of influx of Foxo3A in LMB aralg approximately 1/20 of those of
Foxol, as seen by comparison of fibers from theesarmuse infected with adenovirus
for either Foxol or Foxo3AHgure 2.8B). Note that the vertical scale fingure 2.8Ais
compressed by a factor of 20 compared to thd&igure 2.8B, and that the same data
points for FOxo3A-GFP are presentedFigures 2.8A and B The mean values of the
rate of increase of FoOxo3A-GFP n/c were 0.00110t)005 n/c per min in control,

0.0073 +/- 0.0013 n/c per min in LMB and 0.014 6003 n/c per min in LMB plus Akt-
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I-1,2, and for Foxol-GFP were 0.029 +/- 0.004 récpin in control, 0.16 +/- 0.018 n/c
per min in LMB and 0.38 +/- 0.057 n/c per min in B\plus Akt-1-1,2. Representative
images of a single fiber ifigure 2.8C demonstrate the increase in nuclear Foxo3A
during 80 minutes of LMB treatment and during ardiadnal 60 minutes of Akt

inhibition with continued LMB treatment.

Figure 2.8 Foxo3A cycling and phosphorylation by At.

(A-B) Foxo3A-GFP (red line; n=5 nuclei from 4 fibersjters the nucleus at a slower
rate than does Foxol-GFP (black line in figBren=4), as determined using Leptomycin
B (LMB) to inhibit nuclear efflux. Inhibition of At via Akt-1-1,2 (Akt-1) induced an
increase in the rate of nuclear influx of both Fb¥®FP and Foxo3A-GFP. The
difference between the relative increases of FG@6P- and Foxo3A-GFP can be seen in
figure B in which the scale is 20 fold that of the sameeexpent in figure A. C)
Representative confocal images of a single mugoé £€xpressing Foxo3A-GPF treated
with 40 nM LMB with or without Akt-I for the timesndicated. Nuclear Foxo3A-GFP
increases with LMB treatment revealing nuclear impoWith Akt inhibition nuclear
import increases indicating cytoplasmic retentiotvé Akt-dependent.D) Unlike the Z-
line distribution of Foxol-GFPsée Figure 2.}, Foxo3A-GFP appears as a doublet.
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The basis for the much slower nuclear influx exiedbiby Foxo3A compared to Foxol

will be considered in the discussion.

We also noted that the sarcomeric pattern of distion of Foxo3A was different from
that of Foxol. Whereas Foxol-GFP was localizea single sharp line per sarcomere at
the sarcomeric Z-linesF{gure 2.1B), Foxo3A-GFP is present in a doublet band per

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

To determine the effect of kinase activity on theidirectional rate constants for
movement of cytoplasmic Foxo-1-GFP out of the clgem and into the nucleus, after a
control period of 30 minutes we pretreated fibeihvitMB for 40 minutes and then
added staurosporine or IGF-1 for an additional b@@utes Figures 2.9A-B. The
average rate of increase of nuclear fluorescendeMB alone was 0.14 n/c per minute
and the average ratee in LMB with staurosporine Was n/c per minuteHgure 2.9A),
indicating that in the absence of staurosporinease activity reduced the rate of nuclear
influx of Foxol, presumably by maintaining the centation of dephosphorylated
Foxol at slightly less than half of the concentmatiattained in the presence of
staurosporine. Note that specific inhibition of tAky Akt-1-1,2 caused a similar
(approximately 2-fold) increase in the rate of FbX&FP nuclear influx in the presence
of LMB, confirming that Akt is the predominant ks phosphorylating cytoplasmic
Foxol in muscle fibers. As anticipated, IGF-1 tmeent completely ablated nuclear

influx (Figure 2.9B).

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

Quantification of the slope measured in nucleaojghgsmic (n/c) per minute in fibers
treated with LMB followed by staurosporind;(n=5) or IGF-1 B; n=5) treatment is the
rate of nuclear influx induced by these individtrelatments. @) The rate constant of
nuclear influx k of the first 40 minutes comparedtie last 80 minutes of the 120 minute
time course of LMB treatment is the same during Lk8tment alone (n=4).D} k
increases significantly during 80 minutes of stapayine 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 LMine (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 ratestaont k’ for unidirectional flux of Foxo
from the cytoplasm to the nuclei for the experimarEigure 2.9, Using Appendix Egn
(A4), k' can be evaluated from successive imagegsised at times;tand  using the

equation:

K'= [2/(a+c2)] [(n-ny)/(t-ty)] (Vn/ Ve), (Eagn 1)

where nis the mean pixel fluorescence of the nucleussgiezified time;jtand ¢is the
mean cytoplasmic pixel fluorescence at the sameifsgtime. The value used for,V
V. was the mean value ohe/An of 0.049 ( +/- 0.0079) obtained from 11 fibersidg
Foxol-GFP nuclear influx over time periods suffiti¢o give relatively large values of

Ac (see above). To assess the consistency of khgldiber treatment with LMB, we
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calculated k' for data values collected abt 0, 20, 40, 60, 80, and 100 minutes after
LMB addition using the corresponding respectiveugalcollected at tof 20, 40, 60, 80,
100, and 120 minutes after LMB addition. This ¢ed 6 consistent k' values,
demonstrating the uniformity of k’ under these déinds (data not shown). Next, we
calculated the average k' for the first 40 minwad last 80 minutes of each group of
experiments by averaging the individual k's cal@degper fiber. We then compared these
two data sets within each of the three sets of mx@atal conditions by normalizing all
k' values to the mean k' of the control period QOdinutes), thus calculating the k' of the
experimental condition (40-120 minutes) as a foactf k' during the control period.
The mean k' in the first 40 minutes in LMB treatmatone was then compared to the
mean k' for the next 80 minutes of treatment withB_and a phosphorylation modulator
as a fraction of the LMB alone control perideiqures 2.9C-B. We saw a modest but
significant increase in k' with staurosporine treaht Eigure 2.9D) and a more drastic
and significant decrease in k' with IGF-Higure 2.9E) whereas fibers treated with LMB
alone for the same time showed no difference iir #ievalues in the first 40 minutes in

comparison to the last 80 minutésgure 2.90).

The ratio of the apparent rate constant for nudlglrx during treatment with LMB plus
a phosphorylating or a dephosphorylating agenhérate constant for nuclear influx
with LMB alone should be proportional to the fracti of control dephosphorylated
Foxol that is present in the cytoplasm in the presef the additional agent, assuming
that only unbound dephosphorylated cytoplasmic Eagomported into the nucleus, that
the percent of cytoplasmic dephosphorylated Fox&P-@at is not bound to cytoplasmic

sites is the same in the 2 conditions and thainti@ear transport system itself is not
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altered by the experimental manipulation. Duritegusosporine treatment the fraction is
1.4, indicating that general inhibition of phospflation by staurosporine caused a 40%
increase in the cytosolic concentration of dephoggated Foxol. In sharp contrast,
during IGF-1 treatment the fraction is 0.11, intiitg a decrease of cytosolic
dephosphorylated Foxol to 11% of its control lepabr to IGF-1 treatment, or a
phosphorylation of 89 % of the control dephosphatsd Foxol on the application of
IGF-1. These values, obtained from the kinetidyamis, provide a quantitative measure
of the extent to which the inhibition of kinaseiaity by staurosporine promotes the
dephosphorylation of cytoplasmic Foxol and IGF-bnpotes its phosphorylation

(Figures 2.9C-B.

11. Akt isnecessary for | GF-1-induced cytoplasmic retention of Foxol

To determine the role of Akt in the reduction ofclaar Foxol due to IGF-1 treatment,
we determined the rate of nuclear influx duringilion of Akt in the presence or
absence of IGF-1. This experiment had four distssgmentsKigure 2.10A). First, a
control period of 30 minutes with no added ager@scond, 80 minutes treatment ("0 to
80 min") with LMB. Third, 40 minutes ("80 to 120imi) exposure to LlM Akt inhibitor
Akt-I-1,2 in the continued presence of LMB. Upthas point all fibers were exposed to
the same reagents. Then, in the fourth segméetsfiwere treated with or without IGF-1
for 80 minutes ("120 to 200 min"). Note that medias not changed during the entirety
of this experiment and therefore no reagents wameoved. The results showed that the
rates of nuclear influx with and without IGF-1 imet presence of Akt inhibitor were the
same Figure 2.10A), indicating that the entire IGF-1 effect is meddby Akt and that

Akt activity is necessary for IGF-1-induced redaatof nuclear Foxol. Furthermore, the
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calculation of the apparent rate constants of dgopic efflux of Foxol-GFP (k’), as
described above, for the last three segments @t 868120, and 120-200 minute showed
IGF-1 treatment to be ineffective in changing tlagerconstant of cytoplasmic efflux
when Akt was inhibitedRigure 2.10B. As expected for two samples subjected to the
same treatment, the rate constants of nucleawxifittm both samples from 0-80 minutes
were not significantly different, nor were the ratsnstants of nuclear influx different for
both samples from 80-120 minutes. Of note, thé tmse segment did not have
significantly different k's, regardless of the pgase or absence of 100 ng/ml IGF-1,
revealing Akt inhibition to be sufficient to fullguppress the IGF-1 effect of reducing

nuclear influx of Foxol.
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Figure 2.10 Akt modulation of IGF-1.

(A) Quantification of the slope measured in nuclgaojglasmic fluorescence (n/c) per
minute in fibers treated with LMB followed by Aktll,2 (Akt-1; n=12) or Akt-1-1,2 and
IGF-1 (n=13) shows inhibition of Akt to prevent ttlecrease in the rate of nuclear influx
normally induced by IGF-1B) A comparison of the nuclear influx rate constaait®-80
minutes, 80-120 minutes, and 120-200 minutes of LM&atment and additional
treatment of Akt-1-1,2 and IGF-1 as labeled. Tibers represented in black were treated
with LMB with Akt-1-1,2 (n=12) and those in red veetreated 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 cetblgeration, cell cycle and cellular
survival, and are expressed in all cells of the &anitnody (6, 46, 75). In skeletal muscle,
Foxo proteins play a key role in determining mussiee through the regulation of
transcription of atrogene products such as E3 uinigigases atrogin-1/MAFbx and

MuRF-1 (19, 53, 56).

Here, we utilize confocal imaging of fluorescenceni exogenously expressed Foxo-
GFP to monitor kinetics of nuclear-cytoplasmic moeats of Foxo proteins in living
muscle fibers. Comparison of antibody-stained egedous Foxol and exogenously
expressed Foxol-GFP in terms of sarcomeric lodaiza (Figure 2.1),
nuclear/cytoplasmic distributiorrigure 2.2A), and response to treatmehkigures 2.4E
and F) validate this system of adenovirally expressexoFGFP as a reliable indicator of
endogenous Foxo and as a useful tool in measumtgs rof nuclear-cytoplasmic

translocation in studies involving fluorescentlggad Foxo.

Our results with Foxol-GFP show that IGF-1 treativedone is sufficient to prevent
nuclear targeting of Foxol in live adult skeletalisdle fibers, and demonstrate the
necessity of the kinases PI3K and Akt in cytoplasmiention of FoxolHigures 2.3A,
2.3C, 2.4A, 2.4C, and 2.4p Furthermore, we identify Akt’'s functional adti to be
necessary to the decrease in nuclear Foxol tharat response to IGF-1 treatment
(Figure 2.10. Kinases such as SGK, CK1, and DYRK1A have s®@wn to be Foxo
kinases (10-12) but do not seem to be sufficientrhmdulating the Foxol nuclear-

cytoplasmic movements monitored in cultured adulsate fibers.
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PP2A directly dephosphorylates Foxol in NIH T3TIél4). The impressive decrease
in nuclear Foxol in response to inhibition of PP2A OA (Figure 2.5 demonstrates
PP2A’s functional role in Foxol dephosphorylatianskeletal muscle, as well. Studies
of unidirectional nuclear influx with and without”ACtreatment identify PP2A inhibition
to occur in the cytoplasmFigure 2.6E). This does not limit PP2A’s role to the
cytoplasm but does reveal the importance of itegsmic activity, as well as its role in

nuclear-cytoplasmic cyclingf Foxo1l.

A Kkinetic reaction scheme representing the nuadtgémplasmic movements of Foxo
proteins is presented frigure 2.11, together with the signaling systems and inhilitor
that we have examined as modifiers of Foxo movesnentour muscle fiber studies.
Other physiological modulators of Foxo movementsgshsas Foxo phosphorylation at
other sites (10, 11) or acetylation (32) are navshin Figure 2.11and can be thought
of as providing a possible constant background!lef’fenodulation of the Foxo fluxes
observed here. Dephosphorylated cytoplasmic Fexamidirectionally translocated out
of the cytoplasm by the nuclear localization sigiNLS) and Ran GTPase driven nuclear
import system, but phosphorylated Foxo is not fpangd by this system (18). Note that
the rate constant k for unidirectional first ordlexx of dephosphorylated Foxo out of the
cytoplasm and into the nucleus kigure 2.11is the same as the k in Egn (Al). In
contrast to the nuclear import system, which carramly dephosphorylated Foxo,
phosphorylated but not dephosphorylated Foxo isiechrby the CRM1 dependent

nuclear export system, with export facilitated bg thaperone protein 14-3-3 (7).

The nuclear export of Foxo can be inhibited by Li#gure 2.11), which binds to and

thus removes the availability of CRM1 for nucleapert. In the presence of a fully
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blocking concentration of LMB any Foxo that entdre nucleus is unable to leave and
becomes trapped in the nucleus. Inhibition of eaclexport via LMB thus provides a
powerful tool for measuring the rate of unidireatb nuclear influx and for calculating
its rate constant of cytoplasmic efflux. The changthe rate constant for unidirectional
efflux out of the cytoplasm due to treatment witlhopphorylation modulators
demonstrates the importance of cytoplasmic phostdiayn/dephosphorylation of
Foxol in regulation of its rate of cytoplasmic el (Figures 2.6, 2.9, and 2.10
Furthermore, the increase in the rate of nuclefiuxrthat resulted from staurosporine
addition in the presence of LMBFigure 2.9A) indicates that the nuclear import
machinery is not saturated at the level of expoessi Foxol-GFP employed under our
conditions of infection by adFoxol-GFP. Based loa important information obtained
here and elsewhere with the nuclear export inhitiMB, identification of a comparable
specific inhibitor of nuclear import would furthepen up the field to understanding the

kinases and phosphatases that regulate Foxol necigart.

It should be noted that the same unidirectionad @tiIFoxo from muscle fiber nuclei can
be considered as either a unidirectional effluxafuthe cytoplasm or as a unidirectional
influx into the nuclei. In practical terms of eadeexperimental measurement, it is more
convenient to monitor the rate of change of Foxd?Glborescence in the nuclei than in
the cytoplasm. The total volume of the nuclei iscinsmaller than that of the cytoplasm,
so the corresponding change in mean pixel fluorescdor a given flux of Foxo-GFP
between cytoplasm and nuclei is much larger inrthelei than in the cytoplasm. By
conservation of mass, the ratio of changes of @awcte cytoplasmic mean pixel

fluorescence for a given movement of Foxo-GFP betweuclei and cytoplasm is equal
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to the ratio of cytoplasmic to nuclear volume ie thuscle fibers. However, in terms of
mechanistic interpretation of the nuclear imposteyn, it is more appropriate to consider
cytoplasmic rather than nuclear concentration caanrgl the rate of efflux of Foxo out of
the cytoplasm. This is because the unidirectidinal of Foxo from cytoplasm to nuclei
is determined by the cytoplasmic concentration eglebsphorylated unbound Foxo, and
is independent of the nuclear concentration, agated in the kinetic scheme kgure

2.11and by Egn (Al).

Plasma
Membrane

LY294002

Leptomycin B

Atrogene
expression

Figure 2.11 Schematic presentation of regulatorsf subcellular localization of Foxo.

Nuclear-cytoplasmic trafficking is regulated by gpborylation of Foxo by active Akt.
Binding of IGF to its membrane bound receptor IGB&ivates the kinase PI3K,
indirectly causing the phosphorylation of Akt, whidirectly phosphorylates Foxo.
Inhibition of PI3K by LY294002 or inhibition of Aktby Akt-I-1,2 prevents

phosphorylation of Foxo and thus induces nuclegomof Foxo. CRML1 facilitates of
nuclear export of Foxol and inhibition of CRM1 bydtomycin B prevents nuclear
export of Foxo.
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The unidirectional rate constant of cytoplasmiclueffof Foxol is relatively high
compared to that of other transcription factord tha laboratory has studied. Based on
the nuclear influx measured in the presence of LNH& apparent first order rate
constant k' for unidirectional flux of Foxol-GFP toaf the cytoplasm and into the
nucleus was 0.355 +/- 0.035 per hour under restimglitions (data fronfigure 2.10.

In contrast, under resting conditions, the tramsian factor NFATcl leaves the
cytoplasm and enters the nucleus at a much sloater rAs determined in LMB, the
unidirectional flux of NFATc1 from cytoplasm to neas occurs with an apparent first
order rate constant of 0.074 +/- 0.005 per hoas€d on data used to make Figures 2C
and 6C in Shen et al., 2006, reference 76), assuMif\/ is the same for Foxol and
NFATcl. Foxo3A also enters the nucleus much mdosvlg than Foxol. The
unidirectional first order apparent rate constaot fhovement of Foxo3A out of the
cytoplasm and into the nucleus is 0.023 +/- 0.064 lpour in the presence of LMB
(calculated from the data for nuclei in fiberdrigure 2.8). One possible explanation for
the lower unidirectional apparent rate constantsiovement of NFATc1l and Foxo3A
out of the cytoplasm compared to the rate condtarftoxol could be their less effective
transport by the nuclear import system, ie, theuactate constant k, would be
considerably lower for Foxo3A or NFATc1 than that Foxol, but this may be unlikely
for the similar molecules Foxol and Foxo3A. Altgmely, the fractional
dephosphorylation of NFATc1 or Foxo3A in the cyagh might be much lower than
that of Foxol. A much lower relative degree of ltggphorylation of Foxo3A than
Foxol in muscle fibers would be consistent withabservation that nerve growth factor

(NGF) activated Foxo phosphorylation in PC12 celisurs at considerably lower NGF
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levels for Foxo3 than for Foxo1(44). Finally, thaction of unbound dephosphorylated
Foxol in the cytoplasm could be considerably gre#itan the fraction of unbound
dephosphorylated Foxo3A or NFATc1 in the cytopladntriguingly, the sub-sarcomeric
distribution pattern for Foxo3A is different frorhat of Foxol, possibly indicative of a
difference in binding and fraction bound. The pres of two Foxo isoforms, Foxol and
3A, having about 20-fold different nuclear-cytoptas shuttling rates under control
conditions, but presumably modulating the expressiiothe same group of genes, raises
interesting questions regarding mechanism, regulatand function that merit future

investigation of Foxo isoforms.

E. Appendix:

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

nuclei

Assuming that the rate of nuclear efflux is O wiffiB treatment, that the movement of
Foxo-GFP out of the cytoplasm is a first ordercess, and that only depohsphorylated
and unbound Foxo-GFP can enter the nucleus, tkeofathange of cytoplasmic Foxo-

GFP fluorescence due to movement of Foxo-GFP otiiteo€ytoplasm is given by:

de/dt=-k fc, (A1)

where c is the mean pixel fluorescence in the dgip, t is time, k is the first order rate
constant for movement of dephosphorylated and umbéiwxo-GFP from the cytoplasm

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

by

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

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

the time derivative gives

de/dt = -(dn/dt) (W / Ve) (A3)

Substitution of Eqn (A3) into Eqn (A2) gives theuatjon

k' = (1/c) (dn/dt) (V/ V¢ ) (A4)

for the apparent first order rate constant for F®&P 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 asoie fiber initiates muscle contraction
is termed excitation-contraction (EC) coupling. iSThrocess begins with depolarization
of the fiber causing an action potential which egagated both axially and inwardly
primarily via current through Navl.4, the skeletaliscle isoform of the voltage-gated
sodium channel, all along the sarcolemma and thradlg transverse (T-) tubule system
of the fiber (64, 65). The depolarization of thal enembrane induces conformational
changes in the Dihydropyridine receptors (DHPRsictvlare mechanically coupled with
skeletal muscle Ryanodine receptor’Ceelease channels (RyR1) in the sarcoplasmic

reticulum (SR). The RyR1 channels mediate rapifl @&lease from the sarcoplasmic
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reticulum (SR) into the cytosol leading to“Chinding to thin filament troponin C and

activation for contraction (61-63).

The family of Forkhead box O (Foxo) transcripti@etors, of which Foxol is a member,
is evolutionarily conserved and characterized b{08-residue DNA-binding region
called the Forkhead domain. In skeletal musclesoFtranscription factors control
muscle atrophy/hypertrophy by promoting transcoipti of ubiquitin ligases.
Upregulation of either of two isoforms of Foxo, ledxand Foxo3A (also referred to as
Foxo3), is independently sufficient to induce masatrophy (19, 38). Knockout of
Foxol is embryonic lethal and tissue-specific iratlilknockout of Foxol results in tumor
growth (39, 48). Foxo3 has been shown to reguath lysosomal and proteasomal
degradation through transcriptional regulation wbgenes, proteins that induce muscle

atrophy, such as atrogin-1/MAFbx, MuRF-1, LC3, &rdp3 (25, 60).

Here, we identify a novel role of Foxol in cont excitation of muscle. Using
exogenously expressed Foxol-GFP in cultured adekorf digitorum brevis (FDB)
muscle fibers we have determined that overactnfitifoxol prevents SR calcium release
and the subsequent muscle contraction. Howevemtirphology of the T-tubule system
is not altered and the overall health of the fidees not appear compromised. We
further identify reduction in the expression of gswmlium channel Navl1.4 to be a likely

cause of the inability of fibers to respond to &ieal stimulation.
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B. Methods

1. Musclefiber culture and infection

Culture of flexor digitorum brevis (FDB) and infesnt were carried out as detailed in
(77). Briefly, the muscle was isolated from CD-icey enzymatically dissociated with
collagenase type | (Sigma-Aldrich) in MEM (Invitreig, Carlsbad, CA) with 10% FBS,
and 50 pg/ml gentamicin for 2 hours at 37°. Musdes then gently triturated to separate
fibers in MEM with FBS and gentamicin. Fibers wetated in in MEM laminin-coated
glass-bottom dishes containing lysate with ademisvtoding for GFP or Foxol-GFP (a
gift from Dr. Joseph Hill, University of Texas Sautestern Medical Center 67). Fibers
treated with IGF-1 (Sigma Aldrich, St. Louis, MOgre plated in a dish containing 100
ng/ml IGF-1 in addition to lysate and this concatitm of IGF-1 was maintained for the

entirety of the experiments.

2. Indo-1ratiometric recordings

Indo-1 acetoxymethyl (AM) ratiometric recording arahalysis were performed as
previously described (Hernandez-Ochoa EH et all2p0ut with some modifications for
loading. Briefly, cultured FDB fibers were loadedttwindo-1AM (2 umol/L for 60 min

at 22°C; Invitrogen) in L-15 media (ionic compositiin mM: 137 NaCl, 5.7 KCI, 1.26
CaCl2, 1.8 MgCI2, pH 7.4; Invitrogen) . Then thbédiis were washed thoroughly with
appropriate L-15 media to remove residual Indo-1A¥e culture dish was mounted on
an Olympus IX71 inverted microscope and viewed w&ithOlympus 60x/1.20 NA water
immersion objective. Fibers were illuminated at 360, and the fluorescence emitted at

405/30 and 485/25 nm was detected simultaneoubly.emission signals were digitized
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and sampled at 10 Hz using a built-in AD/DA congerdf an EPC10 amplifier and the
acquisition software Patchmaster (HEKA Instrumdnts, Bellmore, NY, USA). Field
stimulation (1 ms, 8 V, alternating polarity) wasoyided by a custom pulse generator
through a pair of platinum electrodes. The ele@sodere closely spaced (0.5 mm) and
positioned directly above the center of the obyectiens, to achieve semi-local

stimulation.

3. Transversetubular network imagingin living fibers

Control, GFP or Foxol-GFP fibers were stained wikie voltage-sensitive dye
pyridinium, 4-[2-(6-(dioctylamino)-2-naphthalenylethenyl]-1-(3-sulfopropyl)-, inner
salt (di-8-ANEPPS) (2.mol/L; in L-15 media for 1 h) and imaged on a Fligav 500
confocal system (Olympus; x60, 1.3 NA water-immansobjective; pixel dimensions
0.2 x 0.2um in x and y). Confocal images of the tubular nekwwere obtained with 512
x 512 pixel x—y images (average of eight imagespdes were collected from randomly
selected fibers using the same image acquisitidtingse and enhancing parameters.
Images were background corrected and a regionterfeist of fixed dimensions was used

to estimate average fluorescence profile withinréggon of interest.

4. Action Potential recordings

Potentiometric dye action potential recordings andlysis were performed as previously
described but with some modifications (78). FDiBefs were stained with 28V di-8-
ANEPPS in the incubator for 3 hrs, followed by #hneashes in L-15 media. Fiber

cultures were mounted on a Zeiss LSM 5 LIVE highexp confocal system and
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stimulated with dual platinum field electrodes. étilfluorescence was excited with a
532-nm diode laser, and fluorescence emission alB®@e nm was sampled during
repeated line scans through the interior of fibE&80 pus/line). The line scan was
conducted at a depth ef15-20um into the interior of the fiber. Significant meass
were taken to ensure that resulting signals wespagated APs and not artifacts imposed
by stimulation (see results). Signals were condetbve-AF/F, values, and four trials were
averaged to increase the signal-to-noise ratio. Wl triggered using the same 1-ms
electrical stimulus as in Garelease assays. All single fiber recordings weropmed at

room temperature, 22°C.

5. Data analysis and statistics methods

Electrophysiology and Indo-1 data were analyzed atmtted using Patchmaster,
Fitmaster (HEKA Instruments Inc.). Immunocytochenyis di-8-ANEPPS signals and
Western blot data were analyzed with ImageJ. Furtta@a evaluation and statistical
analysis were conducted using OriginPro 8 softwd@riginLab Corporation,

Northampton, MA, USA). Summary data were reportedreean + SEM when samples
followed normal distributions and as medians whame distributions were less well
defined. Box plots and bar graphs were used foplgcaillustration of data. Statistical
significance was assessed using either parame&tocsample t-test or with the non-

parametric Mann—Whitney rank-sum test for unpadath sets.

6. Western blotting

Protein extraction and western blotting techniquesre performed as described in

Schachter et al. (77) with slight modifications.riedy, FDB fibers were infected and

64



cultured for 2 days and treated with IGF-1 whendatkd. One or two fibers were then
collected from each dish and mixed with 14 ul M-PERermo Scientific, Rockford,

IL), a protease inhibitor cocktail (Roche Diagnostilndianapolis, IN), 3.7 ul sample
reducing agent, and 9.25 ul LDS sample buffer {iogen). This mixture was pipetted
up and down to lyse fibers, heated at 70° for 19, mind run on a NUPAGE Novex 3- 8%
Tris gel (Invitrogen). Proteins were transferrecdatPVDF membrane. Skm1l (referred to
as Navl.4; Sigma) angractinin antibodies (Sigma) were used and thenmkenbrane

was treated with ECL and film was exposed and dpesl.

C. Reaults

1. Fibers expressing Foxol-GFP appeared healthy and responsive to chemical

stimulation

Fibers expressing Foxol-GFP appeared normal wétlclgmarly visible striations that give
rise to the skeletal and cardiac muscle alternaitemme - striated musclé&igure 3.1).
These fibers also demonstrated functional Foxol-&gRaling in response to treatment
with IGF and kinase inhibitors, as previously ddsedl in Schachter et al., 2012.
Furthermore, nuclear/cytoplasmic distribution ofdegenous Foxol and exogenously
expressed Foxol-GFP was essentially the same. ifidicates that Foxol regulation is
intact in fibers expressing Foxol-GFP. Importandyogenous Foxol expression was
merely 7-fold that of endogenous Foxol expressiof).( Overall, these fibers look

healthy and typical for cultured fibers.
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Foxol-GFP GFP

Transmitted
light

Fluorescence

Figure 3.1 Fibers expressing Foxol-GFP appear noh

Signs of health are visible: striations, nuclei predominantly peripheral, and fibers are
smooth and straight. Scale bars are 20 um.

2. Foxol suppresses stimulation induced calcium transient

Although Foxol-GFP fibers appeared healthy and Haoucally functional, they
responded to electrical stimulation in an abnormm@nner. Control fibers with or
without GFP expression stimulated for 1 msec av2a&nd a train of pulses at 100 Hz
showed robust calcium transienBgure 3.2 A, O and contraction (data not shown). In
stark contrast, Foxol-GFP fibers from the same taugenerally did not respond
(Figure 3.2 B and contraction (data not shown). The averaga@h in Indol ratio in
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response to a single electrical stimulusof 25 Wibers expressing Foxol-GFP (referred
to here as Foxol-GFP fibers) was approximately 106& of control fibers or fibers
expressing GFP (referred to here as GFP fidegyre 3.2D). Another factor that is
correlated with the overall health of a fiber ig tlesting calcium concentration. Control,
Foxol-GFP, and GFP fibers all had basal Indo-losathat were not significantly

different, indicating that calcium resting concatittns are not altered by Foxddigure

3.2E).
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Figure 3.2 Calcium transients are ablated in fibes overexpressing Foxol-GFP

A Control fibers (n=24) exhibit calcium transientsresponse to a single 25 V pulses
with a 1 msec duration and an electrical train@ Hz.B Fibers expressing Foxol-GFP
(n=35) do not show calcium transients in respomséhe same pattern of electrical
stimulation.C Fibers expressing GFP (n=40) alone respond toraakstimulation with
a calcium transient in a manner consistent withicaiphealthy FDB fibers.D The
average change in the Indo-1 ratios of fibers ispoase to electrical simulation is
dramatically decreased in fibers expressing FoxBP-Gh comparison to control and
GFP fibers. E Resting rates of calcium are not statisticallifedent in control fibers,
fibers expressing Foxol-GFP, and fibers expresGRg alone.F The distribution of
Alndo-1 in response to a single stimulus in culturedrs is a measure of the intensity of
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the calcium transient. The majority of Foxol-GHbefs have a range of no response to
decreased intensity whereas control and GFP fieve varying degrees of strengtB.
The percent of Foxol-GFP fibers that exhibited laigan transient, as defined by peak
Alndo-1 ratio<0.1, in response to electrical stimulation is digantly lower than that of
control fibers and GFP fibers.

While 86% of Foxol-GFP fibers did not respond tecgical stimulation with a calcium
transient at all, a small fraction (14% of FoxolRsfbers) did show a weak increase in
cytoplasmic calciumKigure 3.2F. In contrast, only 21% of control fibers and 15%
GFP fibers did not display a calcium transient uptectrical stimulation, and the other

fibers displayed responses in a range of strer{gibsire 3.2F-G).

3. Foxol-GFP fiberstreated with | GF-1 responded to electrical stimulation

Treatment with IGF-1 prevents nuclear targeting-okol (15, 77). To determine the
role of Foxol in response to electrical stimulatioe treated Foxol1l-GFP fibers with 100
ng/ml IGF-1 to prevent functional activity of Foxa$ a transcription factor by keeping it
out of fiber nuclei. Remarkably, fibers expressiRgxol-GFP treated with IGF-1
(referred to here as IGF fibers) responded to edadtstimulation with appropriate
calcium transients despite expression of Foxol-@h§ure 3.3 A-C). The increase in
Indo-1 fluorescence ratio signal in response tatatal stimulation in GFP fibers and
IGF fibers were the same, whereas Foxol-GFP fithersiot exhibit a change in Indo-1
ratio in response to electrical stimulatiofigure 3.3D-E). Similar fractions of GFP
fibers and of IGF fibers responded to electricamstation with strong, weak, or
negligible Alndo-1 ratio signals, whereas Foxol-GFP fibers wnlad exhibit calcium
responses and did not contraeéigure 3.3F). This indicates that IGF fibers consistently

behave in the same manner as control fibers andol&¥ents the impairment developed
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in Foxol-GFP fibers. These results provide evidetiat the observed inability of
Foxol-GFP fibers to contract and release calciurault® from the functional

transcriptional activity that Foxol causes.
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Figure 3.3 IGF-1 treatment prevents Foxol-induce@&C uncoupling.

Cultured fibers expressing GFR;(n=11), fibers expressing Foxol-GKB; n=9), and
fibers expressing Foxol-GFP treated with IGF-1 fthmtime of infection (for 48 hours;
C; n=10) were stimulated using the same patterrimiutation as detailed ifigure 3.2
Foxol-GFP fibers treated with IGF-1 did not havenpoomsed calcium transients as
those seen in untreated fibers expressing Foxol-@FPThe average change in Indo-1
ratio in response to electrical stimulation igndiicantly reduced in fibers expressing
Foxol-GFP in comparison to fibers expressing GleReaor fibers expressing Foxol-
GFP and treated with IGF-1.E The number of fibers that responded weakly,
moderately, and strongly to electrical stimulatibiat were expressing GFP and those
expressing Foxol-GFP and treated with IGF-1 wengpavable in comparison to Foxol-
GFP expressing fibers.
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4. T-tubule system remained unaltered

The T-tubule system is a membrane system alonghwihépolarization spreads inward
into the fiber. Breakdown of this system disruptspagation of the action potential and
thus the contraction of the fiber. To examine ithtegrity of the T-tubule system we
stained control fibers and Foxol-GFP fibers witttage-dependent membrane dye di-8-
ANNEPS, which stains the T-tubule system. Imadingse fibers using fluorescence
confocal microscopy established that the morpholoigthe T-tubule system of Foxol-

GFP fibers Figure 3.4A) was unaltered from control fiberSigure 3.4B).

Control

Foxo1-GFP
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Figure 3.4 T-tubules remain morphologically unalteed

A In control fibers, T-tubules show normal morphglog8 No changes to normal T-
tubule morphology are seen in fibers expressing@EdSFP. Scale bars argrb.
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5. Fibersexpressing Foxol-GFP failed to propagate action potentials

To further explore the cause of the failure of Fbxdbers to contract, we used di-8-
ANEPPS to visualize the response to electric stimh. Both control fibers and Foxol
fibers appeared the same when stained with this (Bigures 3.5A and D. We
determined the response of fibers to external kbattstimulation by taking a continuous
line scan image of the fiber before, during, artdradtimulation with + - pulses of 14V, 1
ms duration, and then quantifying the fluorescelrfEgure 3.5B-C, E-H. The
fluorescence of di-8-ANEPPS decreased with dep@tan of the fiber. Control fibers
responded to either positive or negative applidthge with a decrease in di-8-ANEPPS
fluorescence indicating depolarization, reflectihg fact that applied voltage of either
polarity generated a depolarizing action poter(fi@gures 3.5A-C and Q. In contrast,

in Foxol fibers, a 1 ms 14V negative applied pulsesed an increase in di-8-ANEPPS
signal, while in response to a positive stimulus 1@V, there was a decrease in
fluorescenceRigure 3.5H). The reversal of signal polarity with the altation of the
pulse polarity is a characteristic of predominamgsive electrotonic polarization due to
the field stimulation. Measurement of action patdnpropagation in control fibers
treated with TTX (to inactivate sodium channelspwld a smaller and shorter increase
and decrease (appropriate to the polarity) in #8oe than seen in control fibers
untreated with TTX to be an artifact of this systemhich lends support to the latter
possibility (78). In either case, these resultmoestrate that Foxol-GFP fibers were

unable to respond to a change in external voltggadpagating action potentials.
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Figure 3.5 Propagation of an action potential is gevented

A, D Representative images of a control fi&y and a fiber expressing Foxol-GHP)
stained with the voltage-dependent dye di-8-ANEPK8llow lines inA andD indicate
the areas of the line scan in figuBsndC, andE andF, respectively. Below figureB
and C are graphs of the change in fluorescence of dNERPS in the regions in the
white dashed boxesG-H Average change in di-8-ANEPPS fluorescence in obntr
fibers(G) and fibers expressing Foxol-GH®P).
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6. Expression of the sodium channel Navl.4 was decreased by Foxol-GFP

Due to the integral role of sodium channels in pggiion of an action potential, we
explored the possibility that overexpression of gewus Foxol-GFP negatively
regulated expression of the skeletal muscle soditamnel Nav1.4. To this end, we used
western blot analysis of single fibers expressingP(G expressing Foxol-GFP, or
expressing Foxol-GFP with IGF-1 treatment. Foxiberé only expressed 32% of
Navl.4 in comparison to GFP fibers. Fibers expngs&oxol-GFP and treated with
IGF-1 had expression levels 57% that of GFP fi{€igure 3.6). We conclude that

overexpression of Foxol-GFP decreases the expnes$ithe sodium channel Navl.4
and thus prevents depolarization of the membrarge subsequent contraction and
calcium release of the muscle fiber. Furthermoreipition of nuclear influx of Foxol

via IGF-1 diminished this effect of Foxol on Navlegpression, indicating that the

activity of Foxol as a transcription factor regataNavl.4.
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Figure 3.6 Foxol activity decreases the expressiohthe sodium channel Nav1.4

A Western blot of expression of Navl.4 in fibers egsing GFP, fibers expressing
Foxol-GFP, and fibers treated with IGF-1 expres§iagol-GFP.B Quantification of
western blots show that fibers expressing Foxol-GERPe decreased expression of
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Navl.4 in comparison to fibers expressing GFP (n=45F-1 treatment of fibers
expressing Foxol-GFP decreased the loss of expnesENavl.4.

D. Discussion

The transcription factor Foxol controls muscle pityo and regulates the expression of
atrogenes such as atrogin and MuRF1 (19, 53, B6&)e, we provide evidence of another
role of Foxol in the degradation of skeletal muscl&he inability of fibers with
overexpression of Foxol to contract, activate aatcsignaling, or propagate an action
potential taken together demonstrate the capatiforol to disable functional activity

of skeletal muscleRigures 3.2, 3.3, and 3)5

Cultured muscle fibers overexpressing Foxol-GFP ewstructurally normal and
demonstrated normal cellular signalirfggures 1 and 4and reference 77). However,
these fibers did not respond properly to electratahulation: they did not have calcium
transients or propagate action potenti&igyres 3.2, 3.3, and 3)5 The basal levels of
cytoplasmic calcium of fibers expressing Foxol-G#&re not changed from those of
control fibers Figure 3.2E), indicating that the homeostatic mechanisms d&fiwan

regulation were conserved, SERCA was functional, that the RyR1 was not leaking in
fibers expressing Foxol-GFP. Foxol overexpresaiso did not alter the morphology
of the T-tubule system, eliminating the possibilityat a cause for the failure of fibers
expressing Foxol to contract was the inability ofrent to flow through the T-tubule

system(Figure 3.4)

Navl.4 is an essential part of excitation of skeéletuscle fibers. As such, its regulation

is of importance to muscle excitability. The alyilof Foxol to inhibit expression of
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Navl.4 Figure 3.6 shows the involvement of Foxol in another aspécegulation of
skeletal muscle healthFigure 3.7). This is supported by a recent finding that in
cardiomyoytes, sodium channel Navl.5 is negativetgulated by Foxol (79).
Intriguingly, this aspect of Foxol regulation susgfgea positive feedback loop in which
once Foxol is activated and begins to cause muagadphy the muscle also loses its
ability to respond to stimulation, thus increasitggatrophy as seen in models of disuse

and denervation.

Cathepsin L
MAFbx
MURF1
Lysosomal INav1.4
degradation ¢ ? Other proteins
Proteasomal
degradation
Inability to
respond
to stimulation
\ 4
Muscle atrophy

Figure 3.7 Foxol regulates muscle atrophy

Foxol regulates expression of proteins that camy lgsosomal degradation and
proteasomal degradation leading to muscle atrophig. demonstrate a novel method in
which Foxol decreases the expression of sodiumnehadavl.4 and possibly other
proteins that result in the inability of muscledib to respond to electrical stimulation.
Lack of response to electrical stimulation and iliigtto contract as seen in denervation
and disuse lead to muscle atrophy.
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This system of overexpression of Foxol can alsadsgl as a model for overactivity or
dysregulation of Foxol and its effects on skelatalscle because overexpression
effectively mimics activation by increasing nucleaoncentration as occurs during
dyregulation of Foxol. Although the role of Foxiolskeletal muscle is established as a
regulator of both lysosomal and proteasomal degi@d#eading to muscle atrophy (56,
57, 60), we reveal that dysregulation of Foxol almo cause a disconnection between
excitation of muscle and its ability to contracEurther understanding of the role of
Foxol in muscle is now an even more attractiveatpeuntic avenue in treatment and

prevention of muscle atrophy.
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CHAPTER 4

CONCLUSIONS

The Foxo transcription factor family is integralrt@ny processes including regulation of
cell proliferation, cell cycle, and cell surviveh,(46). Foxol and Foxo3 play no less
crucial of a role in skeletal muscle; both Foxol &ox03 regulate muscle size. As such,
it is not surprising that these transcription fastbave been the focus of much research.
Target proteins that are expressed, as well aettied are not expressed due to Foxo
regulation, have been identified. Regulators ofd-activity have been studied and their
mechanisms of actions established. Although schnsioow understood, the field is not
yet developed and the elusive therapeutic avenuaotio reverse and prevent muscle

atrophy has not yet been established.

To this end, we have developed a system in whiagxpmore the function, regulation of

Foxo, and regulation by Foxo in live muscle. Exsgien of Foxo-GFP fusion proteins in
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cultured adult muscle fibers is an ideal setup #tlatvs a real-time view of the dynamic
processes that regulate Foxo as well as the eftécEoxo activity/inactivity. Foxo1l-
GFP and endogenous Foxol displayed consistentauabrseric distribution Kigure
2.1), nuclear/cytoplasmic localizatiorFiQure 2.2), and translocation in response to

phosphorylating intermediarieBiQures 2.3, 2.4, and 2)5

Although other mechanisms of regulation of Foxosgxphosphorylation is a major
means by which Foxo activity is controlled. Expasuto IGF-1 results in
phosphorylation and subsequent cytoplasmic reteniiocreasing cytoplasmic Foxol
(Figures 2.3 and 2.4and referencd5). PI3K and Akt are also involved in the signgli
pathway that results in phosphorylation of FoxoM ais buildup in the cytoplasm
(Figure 2.4and referenc@4). Furthermore, Akt function is actually necegdar IGF-1

to induce cytoplasmic retention of FoxoEigure 2.10. The functional role of the
phosphatase PP2A was identified with the use oflakaacid. PP2A dephosphorylates
and promotes nuclear influx of Foxoltigure 2.5. Additional experimentation further
defined its position as being cytoplasmkigure 2.6E). PP2A may also have nuclear

activity as well, but that aspect has not yet beeqgriored.

At this point it is important to note that in thebapter, and the vast majority of papers
discussing regulation of Foxo, the net movemerft@fol has been considered, with the
exception of the work exploring cytoplasmic functiof PP2A. However, here, we also
calculate the unidirectional rate of nuclear influxpharmacologically inhibiting nuclear
efflux. An interesting extension of this projecbwid be to develop a means by which to
inhibit the nuclear import of Foxo and measuring timidirectional rate of nuclear efflux.

This could be done possibly by introducing a memé+spermeable peptide with an NLS
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sequence that would act as a competitive inhilmtdtan, and in this way prevent nuclear
import. An alternative would be to use a pharmagicia inhibitor of Ran. (Note that
molecular means of knock down of Ran or siRNA wontd be an efficient means of
nuclear import inhibition for short experiments g8anto what has been discussed in this
work because it cannot be induced in a short peasiciime.) With the rate of nuclear
import equal to zero, the net rate of change inlearcFoxol would equal the rate of
nuclear efflux. Using this method, we could detieenf PP2A is a nuclear phosphatase
as well as a cytoplasmic phosphatase. Inhibitibmuzlear import would create the
opportunity to determine the kinetics of nucleaffluef and thus elucidate the
phosphorylating/dephosphorylating activities ocewyiin the nucleus in a similar manner

to what we have established concerning cytoplagpmmasphorylation and nuclear import.

The data we have generated using LMB as a tooes&dation of the rate of nuclear influx
has made the quantification of the effects of igalaphospholating/dephosphorylating
events possible. Using the calculation of the egparate constant (k’; defined on page
49, egn 1) we determine the effect of staurospawnacrease phosphorylated Foxol to
40% over basal levels and IGF-1 to decrease phogphed Foxol to a mere 11% of
basal levels. This is an example of experimentaatinent and data collection in
combination with rigorous mathematical manipulateduncidating the kinetics of nuclear
import as well as the cytoplasmic phosphorylatiepfibsphorylation on which

translocation is based.

Foxol1l-GFP exhibits a high rate of nuclear-cytoplasshuttling under resting conditions.
The high rates of unidirectional nuclear influx aefflux are in near balance under

resting conditions, as determined by the unidios@i rate of nuclear influx and
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unidirectional rate of nuclear efflux. Furthermotke difference of the unidirectional
rates of nuclear influx and efflux is equal to tiet rate of nuclear influxHgure 2.7).

This further characterization of the Foxol nucle@oeplasmic shuttling system
demonstrates again the unique capabilities of yis¢es developed for exploration of

Foxo in skeletal muscle.

Comparison of the kinetics of Foxol and Foxo3A edee a 20-fold difference in the
rates of nuclear influxRigure 2.8). The much slower rate of nuclear influx of FoRo3
could be a result of a difference in the rate ajgghorylation of Foxo3A kinase due to a
difference in the signaling that leads to phosplabign or the binding efficiency of
kinases that phosphorylate the different Foxo jmete Another possibility is that Ran
binds to Foxol and Foxo3A at different rates. Adtpossibility is that the fraction of
unbound Foxo3A may be different from that of Foxddossibly related to this finding is
the discovery that Foxol and Foxo3A do not havestimae sub-sarcomeric distribution
(Figure 2.1). This would indicate that Foxol and Foxo3A act bound to the same
proteins in muscle fibers, and thus lends credeadbe possibility that the fraction of

unbound Foxo3A is significantly different from thaftFoxol.

The differences in nuclear-cytoplasmic shuttlingumed with the difference in sub-
sarcomeric distribution bring the redundancy of ¢-teanscription factors into question.
Both Foxol and Foxo3A induce muscle atrophy (19, B8wever the differences that we
have found in their regulation indicate that thegynfunction- and even be regulated- in
different ways. It would be very interesting tongmare the impact of Foxol and the
impact of Foxo3A on gene expression induction amevgntion. Comparison of

regulation of Foxol and Foxo3A would also help ijathe possibly diverse roles of
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these proteins. Some other questions that we cmsddver are whether one isoform is
preferentially nuclear and the other cytoplasmi2® they have different cofactors? And,
do they induce different phenotypes in skeletal ¢fa®s Answering these questions and

others will help our understanding of the composéhat regulate muscle size.

Our studies have revealed another phenotype irtiaddb muscle atrophy induced by
Foxol activity. Overexpression of Foxol causedaek lof contraction or calcium

transient in response to electrical stimulationt tas prevented with IGF-1 treatment
(Figures 3.2 and 3.3 The resting rates of calcium in control and #bXGFP expressing

fibers were essentially the same but Foxol-GFPrdilokd not have increased cellular
calcium levels in response to electrical stimulati&igure 3.2 A-E). These results

indicate the involvement of Foxol in excitation mlscle. In order to ascertain the
method by which Foxol impacts the muscle fiberspomse to electrical stimulation we
examined the morphology of the T-tubule systembers expressing exogenous Foxol-
GFP and determined that it was not altered or daohag comparison to that of control
fibers. This establishes that the lack of respagset due to the breakdown of the T-

tubule system, which essentially acts as the atowy system of individual fibers.

Using a voltage-dependent dye, we discovered tbhats expressing Foxol-GFP was
unable to propagate an action potential, therelpglagxng the lack of response to
electrical stimulation. But what prevented thegagation of the action potential? The
cause of this malfunction was identified to be arélase in the expression of the skeletal
muscle sodium channel NavlBigure 3.6). These surprising results give evidence of a

novel mechanism by which Foxol induces muscle aiyrggigure 3.7) as well as an
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additional function of Foxol besides muscle atreryinvolvement in depolarization of

muscle.

Our understanding of the roles and regulation effbxo transcription factors has come
a long way. Pathways of activation and inhibit@frthese proteins have been identified
as well as binding partners and target genes whwgeession are induced or prevented
due to Foxo activity. Cellular processes that Fprateins are involved in have been
identified. Roles of cell-specific activity and llegpecific expression of different

isoforms have been distinguished. However, theeeséill many questions left to be

answered in this field that have the potentialéachucial in the development of treatment

and possibly even prevention of muscle atrophy.

83



SCHOLARLY REFERENCES

1. Weigel D, Jurgens G, Kuttner F, Seifert E & Jadd (1989) The homeotic
gene fork head encodes a nuclear protein and ieesgd in the terminal regions
of the drosophila embry&ell 57: 645-658.

2. Galili N, et al (1993) Fusion of a fork head domain gene to PAX&e solid
tumour alveolar rhabdomyosarconNat Genet 5: 230-235.

3. Obsil T & Obsilova V (2008) Structure/functiorlationships underlying
regulation of FOXO transcription facto®ncogene 27: 2263-2275.

4. Clark KL, Halay ED, Lai E & Burley SK (1993) Goystal structure of the
HNF-3/fork head DNA-recognition motif resemblestbisee H5 Nature 364: 412-
420.

5. Biggs WH,3rd, Cavenee WK & Arden KC (2001) Idéocation and
characterization of members of the FKHR (FOX O)ctaks of winged-helix
transcription factors in the mousdamm Genome 12: 416-425.

6. Arden KC & Biggs WH,3rd (2002) Regulation of thHeoxO family of
transcription factors by phosphatidylinositol-3 &se-activated signalingdrch
Biochem Biophys 403: 292-298.

7. Brunet A et al (1999) Akt promotes cell survival by phosphoryigtiand
inhibiting a forkhead transcription factdell 96: 857-868.

8. Rena G, Guo S, Cichy SC, Unterman TG & Coheh999) Phosphorylation of
the transcription factor forkhead family member AKHy protein kinase BJ Biol
Chem274: 17179-17183.

9. Brunet A et al (2001) Protein kinase SGK mediates survival sgnay
phosphorylating the forkhead transcription factsfHRL1 (FOXO3a) Mol Cell
Biol 21: 952-965.

10. Rena Get al (2002) Two novel phosphorylation sites on FKHRtthee
critical for its nuclear exclusio®MBO J 21: 2263-2271.

11. Woods YL et al (2001) The kinase DYRK1A phosphorylates the trapton

factor FKHR at Ser329 in vitro, a novel in vivo @phorylation siteBiochem J
355: 597-607.

84



12. Burgering BM & Medema RH (2003) Decisions ofe land death: FOXO
forkhead transcription factors are in command wiRKB/Akt is off duty J
Leukoc Biol 73: 689-701.

13. Singh A et al (2010) Protein phosphatase 2A reactivates FOX@R8agh a
dynamic interplay with 14-3-3 and AKMol Biol Cell 21: 1140-1152.

14. Yan L, et al (2008) PP2A regulates the pro-apoptotic activityF@XO1 J
Biol Chem 283: 7411-7420.

15. Zhang Xet al (2002) Phosphorylation of serine 256 suppress@sactivation
by FKHR (FOXO1) by multiple mechanisms. direct amdlirect effects on
nuclear/cytoplasmic shuttling and DNA bindidgBiol Chem 277: 45276-45284.

16. Nakae J, Barr V & Accili D (2000) Differentiaégulation of gene expression
by insulin and IGF-1 receptors correlates with phasylation of a single amino
acid residue in the forkhead transcription fact§HR. EMBO J 19: 989-996.

17. Zhao X et al (2004) Multiple elements regulate nuclear/cytopigsshuttling
of FOXO1: Characterization of phosphorylation- abd3-3-dependent and -
independent mechanisni&ochem J 378: 839-849.

18. Brownawell AM, Kops GJ, Macara IG & Burgering/B2001) Inhibition of
nuclear import by protein kinase B (akt) regulates subcellular distribution and
activity of the forkhead transcription factor AFMol Cell Biol 21: 3534-3546.

19. Sandri M et al (2004) Foxo transcription factors induce the atsopelated
ubiquitin ligase atrogin-1 and cause skeletal neuatlophyCell 117: 399-412.

20. Florini JR, Ewton DZ & Coolican SA (1996) Grawhormone and the insulin-
like growth factor system in myogenedimdocr Rev 17: 481-517.

21. Cantley LC (2002) The phosphoinositide 3-kingsg¢hway Science 296:
1655-1657.

22. Downward J (1998) Mechanisms and consequericastivation of protein
kinase B/Akt Curr Opin Cell Biol 10: 262-267.

23. Vivanco | & Sawyers CL (2002) The phosphatidgsitol 3-kinase AKT
pathway in human canceMat Rev Cancer 2: 489-501.

24. Hribal ML, Nakae J, Kitamura T, Shutter JR &clicD (2003) Regulation of
insulin-like growth factor-dependent myoblast diffietiation by foxo forkhead
transcription factors) Cell Biol 162: 535-541.

85



25. Mammucari Cet al (2007) FoxO3 controls autophagy in skeletal mustle
vivo. Cell Metab 6: 458-471.

26. Alessi DR (2001) Discovery of PDK1, one of tmessing links in insulin
signal transduction. colworth medal lectuBsochem Soc Trans 29: 1-14.

27. Collins BJ, Deak M, Arthur JS, Armit LJ & Aled3R (2003) In vivo role of
the PIF-binding docking site of PDK1 defined by kken mutation EMBO J 22:
4202-4211.

28. Graves PR & Roach PJ (1995) Role of COOH-temhphosphorylation in the
regulation of casein kinase | delfaBiol Chem 270: 21689-21694.

29. Flotow H et al (1990) Phosphate groups as substrate determif@ntasein
kinase | actionJ Biol Chem 265: 14264-14269.

30. Becker Wet al (1998) Sequence characteristics, subcellular iketadn, and
substrate specificity of DYRK-related kinases, aeldamily of dual specificity
protein kinases] Biol Chem 273: 25893-25902.

31. De Ruiter ND, Burgering BM & Bos JL (2001) Ré&gion of the forkhead
transcription factor AFX by ral-dependent phospltetign of threonines 447 and
451 Mol Cell Biol 21: 8225-8235.

32. Brunet A et al (2004) Stress-dependent regulation of FOXO trapison
factors by the SIRT1 deacetylaseience 303: 2011-2015.

33. Fukuoka Met al (2003) Negative regulation of forkhead transcoptfactor
AFX (Foxo4) by CBP-induced acetylatiomt J Mol Med 12: 503-508.

34. Motta MC et al (2004) Mammalian SIRT1 represses forkhead trapiscn
factors Cell 116: 551-563.

35. Matsuzaki H, Daitoku H, Hatta M, Tanaka K & fankizu A (2003) Insulin-
induced phosphorylation of FKHR (Foxol) targetsptoteasomal degradation
Proc Natl Acad Sci U SA 100: 11285-11290.

36. Huang H et al (2005) Skp2 inhibits FOXO1 in tumor suppressiorotigh
ubiquitin-mediated degradatioRroc Natl Acad Sci U SA 102: 1649-1654.

37. Jacobs FMet al (2003) FoxO6, a novel member of the FoxO class of

transcription factors with distinct shuttling dynasy J Biol Chem 278: 35959-
35967.

86



38. Kamei Y, et al (2004) Skeletal muscle FOXO1 (FKHR) transgenicarhave
less skeletal muscle mass, down-regulated typéow (8vitch/red muscle) fiber
genes, and impaired glycemic contbBiol Chem279: 41114-41123.

39. Hosaka Tet al (2004) Disruption of forkhead transcription fac{®OXO)
family members in mice reveals their functional etsification Proc Natl Acad
Sci U SA101: 2975-2980.

40. Moylan JS, Smith JD, Chambers MA, McLoughlin &JReid MB (2008)
TNF induction of atrogin-1/MAFbx mRNA depends onxBd expression but not
AKT-Foxo01/3 signalingAm J Physiol Cell Physiol 295: C986-93.

41. Kops GJet al (1999) Direct control of the forkhead transcriptifactor AFX
by protein kinase BNature 398: 630-634.

42. Takaishi H et al (1999) Regulation of nuclear translocation of forld
transcription factor AFX by protein kinase. Broc Natl Acad Sci U S A 96:
11836-11841.

43. Pardo PS, Lopez MA & Boriek AM (2008) FOXO tsanption factors are
mechanosensitive and their regulation is altereth wiging in the respiratory
pump AmJ Physiol Cell Physiol 294: C1056-66.

44. Wen Qet al (2011) Characterization of intracellular transkoma of forkhead
transcription factor O (FoxO) members induced byANiG PC12 cellsNeurosci
Lett 498: 31-36.

45. Furuyama T, Kitayama K, Yamashita H & Mori NO(@3) Forkhead
transcription factor FOXO1l (FKHR)-dependent indaoti of PDK4 gene
expression in skeletal muscle during energy depomaBiochem J 375: 365-371.

46. Puig O & Tjian R (2006) Nutrient availabilityné growth: Regulation of
insulin signaling by dFOXO/FOXQZXell Cycle 5: 503-505.

47. Stitt TN et al (2004) The IGF-1/PI3K/Akt pathway prevents expr@ssof
muscle atrophy-induced ubiquitin ligases by inliigt FOXO transcription
factors Mol Cell 14: 395-403.

48. Tothova Zet al (2007) FoxOs are critical mediators of hematopoistem
cell resistance to physiologic oxidative stredd| 128: 325-339.

49. Nehls M, Pfeifer D, Schorpp M, Hedrich H & Boefl (1994) New member
of the winged-helix protein family disrupted in ns@uand rat nude mutations
Nature 372: 103-107.

87



50. Kamei Y, et al (2003) A forkhead transcription factor FKHR up-uéges
lipoprotein lipase expression in skeletal muselEBS Lett 536: 232-236.

51. Bois PR & Grosveld GC (2003) FKHR (FOXO1la) égjuired for myotube
fusion of primary mouse myoblast&&MBO J 22: 1147-1157.

52. Furuyama Tet al (2002) Effects of aging and caloric restrictiontbe gene
expression of Foxol, 3, and 4 (FKHR, FKHRL1, andXAkn the rat skeletal
musclesMicrosc Res Tech 59: 331-334.

53. McLoughlin TJet al (2009) FoxO1 induces apoptosis in skeletal myatube
a DNA-binding-dependent manném J Physiol Cell Physiol 297: C548-55.

54. Lecker SH, Goldberg AL & Mitch WE (2006) Pratedlegradation by the
ubiquitin-proteasome pathway in normal and disetstesJ Am Soc Nephrol 17:
1807-1819.

55. Lum JJ, DeBerardinis RJ & Thompson CB (2005)ofshagy in metazoans:
Cell survival in the land of plentyNat Rev Mol Cell Biol 6: 439-448.

56. Bodine SCet al (2001) Identification of ubiquitin ligases requdréor skeletal
muscle atrophyScience 294: 1704-1708.

57. Lecker SH, Solomon V, Mitch WE & Goldberg AL9@9) Muscle protein
breakdown and the critical role of the ubiquitimpf@asome pathway in normal
and disease statebNutr 129: 227S-237S.

58. Du J et al (2004) Activation of caspase-3 is an initial st&@gering
accelerated muscle proteolysis in catabolic cooltiJ Clin Invest 113: 115-123.

59. Kramerova I, Kudryashova E, Venkatraman G &rfepe MJ (2005) Calpain 3
participates in sarcomere remodeling by acting repst of the ubiquitin-
proteasome pathwaiium Mol Genet 14: 2125-2134,

60. Zhao ,Jet al (2007) FoxO3 coordinately activates protein degtat by the
autophagic/lysosomal and proteasomal pathwaysraplaying muscle cellCell
Metab 6: 472-483.

61. Block BA, Imagawa T, Campbell KP & Franzini-Astrong C (1988)
Structural evidence for direct interaction betw#snmolecular components of the
transverse tubule/sarcoplasmic reticulum junctiorskeletal musclel Cell Biol
107: 2587-2600.

88



62. Rios E & Brum G (1987) Involvement of dihydrojgyne receptors in
excitation-contraction coupling in skeletal mus®ature 325: 717-720.

63. Schneider MF & Chandler WK (1973) Voltage degent charge movement of
skeletal muscle: A possible step in excitation-cactton coupling Nature 242:
244-246.

64. Hodgkin AL & Huxley AF (1952) Movement of sodmand potassium ions
during nervous activityCold Soring Harb Symp Quant Biol 17: 43-52.

65. Horowicz P & Schneider MF (1981) Membrane ckampved at contraction
thresholds in skeletal muscle fibrd®Physiol 314: 595-633.

66. Liu Y, Contreras M, Shen T, Randall WR & Sclieei MF (2009) Alpha-
adrenergic signalling activates protein kinase @ eauses nuclear efflux of the
transcriptional repressor HDACS in cultured adutiuse soleus skeletal muscle
fibres J Physiol 587: 1101-1115.

67. Ni YG, et al (2006) Foxo transcription factors blunt cardia@érgrophy by
inhibiting calcineurin signalingCirculation 114: 1159-1168.

68. Shen T et al (2010) DNA binding sites target nuclear NFATcl to
heterochromatin regions in adult skeletal musders Histochem Cell Biol 134:
387-402.

69. Shen T, Liu Y & Schneider MF (2012) Localizatiand regulation of the N
terminal splice variant of PGC-lalpha in adult skall muscle fibersJ Biomed
Biotechnol 2012: 989263.

70. Coolican SA, Samuel DS, Ewton DZ, McWade FJI|&riRi JR (1997) The
mitogenic and myogenic actions of insulin-like gtbwfactors utilize distinct
signaling pathways] Biol Chem 272: 6653-6662.

71. Perrone CE, Fenwick-Smith D & Vandenburgh HH98) Collagen and
stretch modulate autocrine secretion of insulie-ldggowth factor-1 and insulin-
like growth factor binding proteins from differeatied skeletal muscle cell$Biol
Chem 270: 2099-2106.

72. Bain J et al (2007) The selectivity of protein kinase inhib&orA further
update Biochem J 408: 297-315.

73. Barnett SFet al (2005) Identification and characterization of psicin-
homology-domain-dependent and isoenzyme-specificirakbitors Biochem J
385: 399-408.

89



74. Tanuma Net al (2008) Nuclear inhibitor of protein phosphatas@NIPP1)
directs protein phosphatase-1 (PP1) to dephosmteryhe U2 small nuclear
ribonucleoprotein particle (SnRNP) component, gagome-associated protein
155 (Sap155) Biol Chem 283: 35805-35814.

75. Hedrick SM (2009) The cunning little vixen: Fo&and the cycle of life and
death Nat Immunol 10: 1057-1063.

76. Shen T, Liu Y, Randall WR & Schneider MF (206@&rallel mechanisms for
resting nucleo-cytoplasmic shuttling and activigpdndent translocation provide
dual control of transcriptional regulators HDAC aNdAT in skeletal muscle

fiber type plasticityd Muscle Res Cell Motil 27: 405-411.

77. Schachter TN, Shen T, Liu Y & Schneider MF 20Kinetics of nuclear-
cytoplasmic translocation of Foxol and Foxo3A imulagkeletal muscle fibers
Am J Physiol Cell Physiol

78. Prosser BlLet al (2010) S100A1 promotes action potential-initiatadicium
release flux and force production in skeletal meisém J Physiol Cell Physiol
299: C891-902.

79. Mao W et al (2012) Reactive oxygen species suppress cardia¢l Na
expression through FoxoRLoSOne 7: e32738.

90



