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Skeletal muscle atrophy is regulated at the cellular level by several signaling
pathways that modulate the balance between protein degradation and protein synthesis.
A primary pathway regulating skeletal muscle atrophy is the IGF1 or
Insulin/PI3K/Akt/Foxo1 pathway. IGF1/insulin lead to activation of a cascade of
kinases, ultimately activating Akt which phosphorylates specific sites on Foxo1 and
causes Foxo1 to translocate out of myofiber nuclei. When present in myofiber nuclei,
Foxo1 functions as a transcription factor that activates transcription of several proatrophic genes, such as MurF1 and MAFbx/atrogin1.
Here we use fluorescence time lapse imaging of the nuclear cytoplasmic
distribution of Foxo1-GFP in adult isolated skeletal muscle fibers a to investigate (a)
variability of FOXO1 nucleo-cytoplasmic distribution in mature muscle fibers as well
as FOXO1 nuclear influx and efflux, and (b) the effects of IGF1 and insulin on Foxo1GFP translocation in the presence of pharmacological inhibitors that target specific
sections of the canonical IGF1 or insulin/PI3K/Akt/Foxo1 pathway. For our first aim,

our results demonstrate that FOXO1 N/C and apparent rate coefficient (kI’) of FOXO1
nuclear influx are nearly identical for nuclei within the same fiber, they are highly
varied for nuclei belonging to different fibers. These results indicate that variability in
cellular factors, but not extracellular factors, determine FOXO1 distribution from fiber
to fiber. Additionally, we show that application of IGF1 is able to reduce variation in
kI’ and N/C in all fibers while AKT-inhibitor application does not, indicating other
pathways are involved. For our second aim, our results demonstrate Akt is absolutely
necessary for the dramatic IGF1 or insulin-induced rapid and near complete nuclear
efflux of Foxo1, PI3K is not. Insulin induced movement of the PIP3 biosensor PH
ARNO-GFP to transverse tubules is prevented by PI3K inhibitor BKM120,
demonstrating that PI3K inhibition was effective. We have also found that two
additional protein kinases, Ack1 and ATM, contribute to IGF1-induced Akt activation
and Foxo1-GFP nuclear efflux. These results indicate the presence of PI3K-dependent independent parallel pathways from IGF1 to Akt activation in adult muscle that are not
well understood in Foxo1 regulation.
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1. Introduction and Background
1.1 Forkhead box O (FOXO) subgroup
The forkhead box O (FOXO) transcription factors belong to a large Forkhead family
of proteins and are characterized by a conserved DNA-binding domain (1). The FOXO
subgroup play roles in a diverse array of cellular processes, including cell cycle
regulation, differentiation, apoptosis, and metabolism. The FOXO subgroup consists of
four members: FOXO1 (also known as FKHR), FOXO3 (also known as FKHRL1),
FOXO4 (also known as AFX1), and FOXO6. mRNAs of FOXO1, FOXO3, and
FOXO4 are expressed ubiquitously in mammalian tissue (2, 3) while FOXO6 mRNA is
predominantly expressed in the brain (4). Interestingly, the FOXO family members all
recognize the same DNA sequence, indicating all have redundant activity. It’s thought
that specification arise out of tissue specificity and abundance. FOXO1 and FOXO3 are
the two FOXOs most abundant within skeletal muscle, and a highly important role here
is their effect on skeletal muscle atrophy. In particular, FOXO1 and FOXO3 have been
found to be involved in skeletal muscle atrophy. Indeed, overexpression of FOXO1 (5)
and constitutively active FOXO3 (6) have both been shown to lead to a decrease in
muscle fiber size. The studies included in this thesis focus primarily on FOXO1.

1.1.1

FOXO1 isoform

FOXO1, like the other FOXO isoforms, is known to activate the transcription of a
highly variant number of genes, including a number of E3 ligases, proteins involved in
the proteosome, where protein breakdown occurs and can lead to muscle atrophy (6-8).
The FOXO1 gene is located on chromosome 13. The human FOXO1 protein is 655
1

residues long (MW ~70kDa) and contains four functional domains, the nuclear
localization signal domain (NLS), the Forkhead domain (FKH), the transactivation
domain (TA), and the nuclear export signal (NES) (Fig 1.1; 9). The FKH domain is
necessary for FOXO1 to recognize and attach to DNA (10), while the NLS and NES
regulate FOXO1 localization in the cell (9). FOXO1 is phosphorylated at three sites by
the protein kinase AKT, Thr24, Ser256, and Ser319, which regulates FOXO1s residency
in either the nuclei or cytoplasm of the cell (Fig 1.1; 9, 11-13).

Figure 1.1Structure of FOXO1 transcription factor
FOXO1s four domains are shown: Forkhead DNA-binding domain (DBD), nuclear
localization signal (NLS) domain, nuclear export signal (NES) domain, and the
transactivation domain (TA). The locations of the three highly conserved AKT
phosphorylation sites (Thr24, Ser256, and Ser 319) that regulate FOXO1 localization are
also indicated.

1.2 Muscle background and structure
Three major muscle types are found in the human body. These are cardiac,
smooth, and skeletal muscle. Skeletal muscle, the focus of this thesis, is striated and
requires the somatic nervous system to trigger contraction. The majority of skeletal
muscle is under voluntary control.
Skeletal muscle is vital for producing and stopping movement, resisting gravity,
and balancing and remaining upright. Skeletal muscle also maintains skeletal stability
and prevents structure damage through prevention of excess movement of bones and
2

joints. Protection of internal organs through shielding external trauma and supporting
weight of the organs is also a function of skeletal muscle.
In addition to these commonly known functions, research has demonstrated
that skeletal muscle plays a pivotal role in recovery from surgery, as well as affect
survival and quality of life when suffering from diseases such as cancer or chronic
kidney disease (14-16).
Skeletal muscles are organs composed of a multitude of tissues including
skeletal muscle fibers, blood vessels, nerve fibers, and connective tissue. Skeletal
muscles are composed of multiple layers of connective tissue. The exterior of the
muscle is wrapped in connective tissue called the epimysium, separating the muscle
from other tissues and organs in the area and maintaining the muscles structural
integrity. Within the muscle are muscle fibers grouped together in bundles called
fascicles. Each bundle is sheathed in connective tissue called the perimysium. Each
muscle fiber in a fascicle is encased in a thin connective tissue layer called
endomysium. This compartmentalization allows the nervous system to activate a
selection of fibers within a fascicle or an entire fascicle, or the entire muscle depending
on the amount of force necessary for the movement. Skeletal muscles are generally
attached to tendons and/or bones to pull on the bone for movement. Contraction of
muscle fibers is controlled by nerve cells which fire action potentials and are attached
at the neuromuscular junction (NMJ).
Each muscle fiber is shielded by the sarcolemma and has multiple nuclei. The
individual fibers are made up of myofibrils, which are assemblies of sarcomeres.
Sarcomeres are the smallest functional unit of the muscle fibers. Sarcomeres are
3

comprised of thin (actin) filaments and thick (myosin) filaments with accompanying
protein complexes. A striated appearance of the myofiber is achieved by these
sarcomeres.

Figure 1.2 Muscle fiber structure
Muscles are comprised of muscle fibers. These muscle fibers contain multiple nuclei,
are striated from repeating sarcomeres which are enveloped by the sarcoplasmic
reticulum. Figure modified from Gray, Henry. Anatomy of the Human Body.
Philadelphia: Lea & Febiger, 1918; Bartleby.com, 2000. www.bartleby.com/107/
1.2.1

Muscle atrophy

Muscle atrophy is the loss of muscle mass and strength either as a result of loss of
the muscle itself or a dysfunction of the nervous system. With regards to a loss of
muscle itself, it primarily occurs as a result of the loss of balance between protein
synthesis and degradation. As protein degradation increases, or protein synthesis
decreases, the muscle fibers (and overall muscle bundles) lose protein and become
smaller and weaker. Muscle atrophy results in severe clinical consequences including
physical impairment, poor quality of life, and reduced tolerance to treatments for other
conditions. The primary reason for muscle wasting is a lack of physical activity.
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This can occur when movement is limited by injury or disease. It can also be
caused by aging (sarcopenia) (17,18), excessive drinking (19), burns (20,21),
malnutrition (22), and more conditions that affect cellular metabolism. There are a
multitude of diseases associated with muscle atrophy, that include muscular dystrophy,
neuropathy, osteoarthritis, rheumatoid arthritis, kidney disease, acquired
immunodeficiency syndrome (AIDS), cancer, diabetes, and heart failure.
In many cases, atrophy is treated through dietary changes, exercise, physical
therapy, ultrasound therapy, and surgery (23). However, there are still many gaps in
treatments for patients suffering from muscle atrophy.

1.2.2

Utilizing primary muscle fibers

Briefly, the studies included in this thesis primarily use primary muscle fibers
isolated from the flexor digitorum brevis (FDB) muscle of CD1 mice 4-6 weeks old
unless specified otherwise. The FDB muscle lies in the center of the sole of the foot
and is comprised primarily of type IIx and IIa fibers with a small population of type I
fibers.
Using cultured primary muscle fibers allows us to examine the effects of various
conditions without contamination from other cell types and their functions, and to have
control over the environment of the primary muscle fibers.

1.3 Foxo Regulation
FoxO1 is regulated both via post-translational modifications as well as by location.
Previous research shows FoxO1 activity is associated with post-transcriptional
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modifications, nuclear-cytoplasmic shuttling, its abundance, and microRNAs (24-26).
The transcriptional activity of FOXOs is regulated by post- translational modifications
including phosphorylation, acetylation, and ubiquitylation. The two conserved signaling
pathways responsible for regulating FOXO activity are (a) the canonical insulin signaling
pathway through phosphoinositide-3-kinase (PI3K) and AKT (also known as protein
kinase B, PKB) which negatively regulates FOXOs, and (b) the presence of oxidative
stress via jun N-terminal kinase (JNK) signaling which activates FOXOs. The focus of
this thesis will cover regulation by insulin and insulin-like growth factor (IGF) through
phosphorylation mediated by AKT (also known as protein kinase B, PKB) (12, 27-29).
When FoxO1 is sequestered to the cytoplasm it is unable to activate transcription of its
targets.

1.3.1

IGF1 and Insulin background

Insulin and Insulin-like growth factor 1 (IGF1) are growth hormones involved in a
multitude of important cellular functions. Both play roles in cell growth, metabolism,
and differentiation across mammalian tissues (30, 31). IGF1 and insulin ligands can
interact with IGF1 receptors, insulin receptors, and mixed (IGF1/Insulin) receptors.
Insulin and IGF activation of Akt has been well documented in the literature and are
well known to be negative regulators of FoxO1 through AKT. Deletion of the insulin
receptor (IR) has been shown to result in a 20% loss of muscle mass, while deletion of
the IGF receptor (Igf1r) has no apparent effect on muscle mass. Interestingly, both
receptors appear to have overlapping function since deletion of both receptors results in
a significantly higher loss of muscle mass of 60% (32). Additionally, deletion of
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FOXOs was able to rescue muscle atrophy in these mice (32). IGF1 and insulin are both
produced by tissues in mammalians. IGF1 is primarily produced by the liver, though it
can also be produced by other tissues including skeletal muscle (33). Insulin, however, is
produced by beta cells located in the pancreas.

1.3.2

PI3K/AKT

Phosphatidylinositol-3 kinase (PI3K) is a lipid and protein kinase. There are three
classes of PI3Ks, each of which synthesize distinct phosphoinositides. All PI3Ks
possess a motif composed of three domains: a helical domain, a C2 domain, and a
catalytic kinase domain (34). Class I PI3Ks are responsible for converting
phosphatidylinositol (4, 5)-bisphosphate (PIP2) into phosphatidylinositol (3,4,5)triphosphate (PIP3) which recruits the kinase AKT to regulate multiple pathways (35).
Class I PI3K contains four isoforms of the catalytic subunit: p110α, p110β, p110δ, and
p110γ. Of these, class IA, which encompasses p110α, p110β, and p110δ, can be
activated by receptor tyrosine kinases such as IR or Igf1r. These isoforms associate
with the regulatory subunits p85α, p85β, p55α, p55γ, and p50α (36). It has been shown
using isoform-specific inhibitors that P110α is the primary isoform that responds to
insulin in both adipocytes and myotubes (37). The generation of PIP3 by active PI3K
leads to the attraction of other proteins with PH domains such as AKT, PDK1, and
mTORC2 (Also referred to as PDK2).
3-phosphoinositide-dependent protein kinase 1 (PDK1) is responsible for
phosphorylating AKT at T308 (38) as well as many other AGC kinases, a group named
after the protein kinase A, G, and C families which are cytoplasmic serine/threonine
7

kinases and include kinases such as serum/glucocorticoid regulated kinase 1 (SGK),
protein kinase C (PKC), and ribosomal protein S6 kinase 1 (S6K) (39). PDK1 has two
domains, the PH domain which functions to help localize PDK1 near to its substrates
such as AKT, and the kinase domain.
Mechanistic target of rapamycin (mTOR; originally known as mammalian target of
rapamycin) is a highly conserved protein kinase involved in mediating cell growth.
mTOR exists in two well-known complexes, the rapamycin-sensitive mTOR complex 1
(mTORC1; 40) and the rapamycin insensitive mTOR complex 2 (mTORC2; 41).
The two complexes notably phosphorylate and activate different substrates. While
mTORC1 is important for autophagy, lysosome biogenesis, and mRNA translation, it is
acted on by AKT rather than itself an activator of AKT. mTORC2, however, plays a
role in activating AKT (42) and has been shown to phosphorylate AKT at site S473
(43). It is likely both PDK1 and mTORC2 are required for full AKT activation (44).
AKT is a serine/threonine specific protein kinase which has three isoforms found in
skeletal muscle, though the predominant ones are 1 and 2 (45). Throughout this paper,
AKT1 is referred to as AKT as it is the primary isoform involved. Previous studies have
shown AKT1 to be involved in promoting protein synthesis as well as in inhibiting
FOXO1-induced protein degradation and muscle atrophy via phosphorylation (45).
AKT is canonically activated by PI3K as well as by several other kinases that function
in a PI3K-independent manner which will be discussed below. AKT, when activated,
phosphorylates FoxO1 on three conserved sites (T24, S256, S319) (Fig 1.1) in both
cytoplasm and nuclei . Phosphorylation at these sites results in the FoxO1 nuclear
localization signal domain (NLS) to be obscured, and prevents FoxO1 from shuttling
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into the nucleus to activate transcription of downstream targets. This phosphorylation by
AKT also causes FoxO1 to unbind DNA and be transported out of nuclei with
recruitment of chaperone protein 14-3-3, CRM1, and Ran. Activation of this pathway is
believed to result in sequestering of Foxo1 to the cytoplasm as well as a protection from
protein loss and subsequent muscle atrophy.

Figure 1.3 Regulation of FOXO1
Cartoon illustrating the canonical signaling pathway whereby IGF or Insulin leads to
the activation of Akt via PI3K, and the consequent phosphorylation and marked nuclear
efflux of FOXO1 with the aid of chaperone protein 14-3-3.
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1.3.3 PI3K-Independent AKT activators: ATM and ACK1
ATM is a Serine/Threonine protein kinase named so because it is the gene mutated
in Ataxia-telangiectasia, a monogenic, autosomal recessive disorder. ATM is well
documented as mobilizing a vast signaling network in response to double strand breaks.
More recently, however, ATM has been shown to be involved with a number of other
mechanisms. As a result of insulin treatment, it has been shown to mediate
phosphorylation of AKT at S473 independently of PI3K activation (46).
Ack1, also known as TNK2, is a tyrosine kinase that is ubiquitously expressed in
humans. It is known to be activated by a number of growth factors, including insulin
and epidermal growth factor (EGF). Recent studies have established that Ack1 is able to
activate AKT independently of PI3K. Ack1 is phosphorylated, and activated, at Tyr284.
Subsequent to this activation, Ack1 is then able to phosphorylate AKT at Tyr176 and
cause AKT activation that is monitored via observation of phosphorylation at Ser473
(47, 48).
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2. Foxo1 nucleo-cytoplasmic distribution and unidirectional nuclear influx are the
same in nuclei in a single skeletal muscle fiber but vary between fibers
This research was originally published in the American Journal of Physiology-Cell
Physiology. Liu Y, Russell SJ, Schneider MF. Foxo1 nucleo-cytoplasmic distribution and
unidirectional nuclear influx are the same in nuclei in a single skeletal muscle fiber but
vary between fibers. Am J Physiol Cell Physiol. 2018 Mar 1;314(3):C334- C348.
Copyright © 2018 the American Physiological Society. As co- first authors, Dr. Yewei
Liu and I carried out experiments and their analysis. Dr. Yewei Liu, Dr. Martin
Schneider, and I planned and interpreted the experiments.
2.1 Introduction
In skeletal muscle, atrophy and muscle wasting occurs during disuse, inactivity,
nerve damage and aging, and as an accompaniment of cancer, diabetes, heart disease,
septicemia, or other severe systemic disease states, leading to debilitating limitations on
mobility and breathing. The Foxo transcription factors, including Foxo1 studied here,
serve as key activators of muscle protein breakdown by promoting the transcription of
atrophy-related ubiquitin E3 ligases MuRF1 and MAFbx/ atrogin1 (9). Foxo1
transcriptional effectiveness is largely regulated by its nucleo-cytoplasmic distribution
(49), since cytoplasmic Foxo1 cannot promote transcription of genes for ubiquitin
ligases within the nucleus whereas nuclear Foxo1 can regulate transcription. Here we
reveal extensive previously unanticipated fiber-to-fiber variability in Foxo1 nucleocytoplasmic distribution and fluxes, and we establish that this variability occurs
between fibers in the same culture well, but not between individual nuclei within the
same multinucleate adult muscle fiber.
11

Foxo1 shuttles into and out of cell nuclei primarily depending on phosphorylation
status. In response to insulin-like growth factor I (IGF-I), the “canonical” signaling
pathway, including IGF-I→IGFR→PI3K→PIP2→PIP3→PDK1→Akt (PKB) (IGF
receptor→phosphatidylinositol 3-kinase→phosphatidylinositol-bisphosphate→phosphatidylinositol-tris-phosphate→phosphoinositide-dependent protein
kinase 1→Akt/protein kinase B), leads to phosphorylation of Foxo1 by Akt (50) on three
conserved residues (51), which causes the nuclear localization signal (NLS) in Foxo1 to
be masked, thus preventing nuclear entry (49). Foxo1 dephosphorylation by PP2A in
muscle and other cells (52, 53) exposes the NLS, allowing nuclear entry of
dephosphorylated Foxo1 via the nuclear import system (51). Within the nucleus, Foxo1
can bind to DNA sites via its highly conserved DNA binding domain causing
transcriptional activation. Phosphorylation of nuclear Foxo1 by Akt, and the resulting
conformational change, causes unbinding of Foxo1 from DNA (49, 54), allows binding
of Foxo1 to the chaperone protein 14-3-3 followed by CRM1 and Ran binding (49) and
exposure of the nuclear export sequence, resulting in transport of the Foxo1-(14-3-3)Ran-CRM1 complex out of the nucleus via the nuclear export system. Several other
posttranslational modifications (PTMs), including Foxo1 phosphorylation at other sites
by other enzymes (54-56), Foxo1 acetylation (57-61), or Foxo1 ubiquitination (10), also
influence Foxo1 nuclear import or export, or possibly the transcriptional effectiveness of
the Foxo1 within the nucleus (55). Nuclear Foxo1 promotes the expression of ubiquitin
ligases MuRF1 and MAFbx/atrogin1, which increase muscle protein breakdown and
thereby contribute to atrophy and muscle wasting (6,7,62). Control of nucleo-cytoplasmic
shuttling (63) thus modulates Foxo1 regulation of atrophy-related gene expression. We
12

now show that IGF-I application eliminates the variability of Foxo1 nucleo-cytoplasmic
distribution and fluxes, supporting the hypothesis that variability in Foxo1 distribution
and fluxes is at least in part determined by Foxo1 phosphorylation status.
Numerous cells of the same and different cell type are organized into tissues
and organs, and the properties of these individual cells give rise to the overall behavior
of the tissue and organ. However, individual cells of the same cell type have also been
shown to exhibit considerable variability in their responses to a given stimulus (64- 66).
Owing to this variability of individual cell responses to a given stimulus, the overall
response of the population of cells of a single type in the tissue or organ may not
correspond to any of the responses of individual cells. Thus, monitoring populationaveraged responses may not reveal the functional properties of any of the individual
cells making up the tissue or organ. Indeed, similar considerations imply that
monitoring the overall response of many cells in a culture having a single cell type may
also fail to reveal the nature of the individual cell responses. Monitoring the time
course of response of multiple individual cells of the same type over their entire
physiological response, as done here, is needed to characterize both the individual
responses and the population average, and to characterize cell variability in responses
and its functional consequences.
We and others (67, 68) have previously used adenoviral (Adv) expression
vectors to successfully transduce enzymatically isolated adult mouse skeletal muscle
fibers in culture to express green fluorescent (GFP)-tagged fusion proteins of wild-type
or modified constructs of NFATc1 (69), HDACs 4 and 5 (70), Foxo1 (52, 71, 72),
EGFP (68), and siRNA (67). We routinely reach high transduction efficiency 2–3 days
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after exposure to the Adv constructs in culture. Adv transduced fibers have normal
function, including action potentials and Ca2 transients in response to electric field
stimulation (73), and provide a very robust and convenient experimental system for
studying skeletal muscle fiber function. Use of expressed fluorescent fusion proteins
provides the capability of tracking the kinetics of protein redistribution in the same
single cell single cell during various experimental manipulations (74).
Here we use adenoviral expression of Foxo1-GFP to characterize the
variability of Foxo1 nucleo-cytoplasmic movements in primary cultured adult mouse
skeletal muscle fibers. We monitor the time course of nucleo-cytoplasmic movements
of Foxo1-GFP in multiple nuclei in each of several muscle fibers in the same culture
well by computer-controlled quantitative confocal fluorescence microscopy.
Leptomycin B (LMB), an inhibitor of CRM1-dependent nuclear efflux (75), is
used to separate the contributions of unidirectional nuclear influx and efflux to the net
flux of Foxo1-GFP into or out of the muscle fiber nuclei. By monitoring Foxo1-GFP in
nuclei and cytoplasm in 124 individual nuclei in 68 different muscle fibers, we
demonstrate for the first time that Foxo1 nucleocytoplasmic distribution and flux
properties are essentially the same in different nuclei within the same multinucleate
adult muscle fiber. In contrast, we detected an unanticipated large variability in both the
Foxo1-GFP nucleus-to-cytoplasm concentration ratio (N/C) and the unidirectional rate
of Foxo1-GFP nuclear entry in the presence of added LMB between nuclei in different
fibers in the same culture well. Thus, fiber-to-fiber differences, but not nucleus-tonucleus differences within the same fiber, give rise to the observed variability of Foxo1
movements. We hypothesize that the variability in Foxo1 nucleo- cytoplasmic
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movements between fibers is due to variability in Foxo1 posttranslational modification
(PTM) status in different fibers. Supporting this hypothesis, we find that application of
IGF-I to activate the Foxo1 kinase Akt suppresses both N/C and Foxo1-GFP nuclear
influx rate, thereby eliminating the endogenous variability observed in the absence of
added IGF-I. Our results imply that the signaling pathway(s) determining Foxo1 PTM
status is highly regulated to produce a uniform Foxo1 PTM status throughout the
cytoplasm of each multinucleate muscle fiber.
Our novel approach provides a general empirical and interpretative procedure
for characterizing nuclear flux variability for any molecule moving between nuclei and
cytoplasm in response to a given stimulus in different nuclei in the same and different
skeletal muscle fibers, as well as in nuclei in individual mononuclear cells of other cell
types. However, studying multinucleate muscle fibers, as done here, provides a unique
opportunity to examine flux regulation in different nuclei in the same versus different
fibers in the identical culture compartment.

2.2 Methods
2.2.1

Materials

Adenovirus adFoxo1-GFP (gift from Dr. Joseph Hill, Univ. of Texas
Southwestern Medical Center, Dallas), leptomycin B (LC Laboratories, Woburn,
MA), IGF-I (mouse, I8779, Sigma, St. Louis, MO), and Akt inhibitor Akt-I-1,2
(124017, Calbiochem, Billerica, MA) were used in various experiments as described.
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2.2.2

FDB fiber preparation and adenoviral infections

All experimental procedures used individual muscle fibers dissociated from flexor
digitorum brevis (FDB) skeletal muscles isolated from adult (4 –5 wk old) female CD1
mice, in protocols approved by the University of Maryland Institutional Animal Care
and Use Committee, and as previously described (52, 69, 70). In brief, dissected FDB
muscles were digested in MEM with 10% FBS containing collagenase type I (C 0130,
Sigma) for 2 h at 37°C. Fibers were gently dissociated and individual muscle fibers
(~40/chamber) were plated on a four-chamber glass-bottom dish (D35C4-20-1-N, In
Vitro Scientific) with laminin coating (23017-015, Invitrogen). The four-chamber
dishes allow all fibers to experience the same growth conditions (temperature, CO2,
etc.) yet remain isolated to allow four unique experimental solution protocols to be
applied. After the collagenase treatment the fibers were washed three times and plated
in 2-ml serum- free MEM with 9.2 × 104 plaque-forming units/µl purified adenovirus
adFoxo1- GFP to infect the fibers and express Foxo1-GFP. The fibers survive well in
serum-free medium (52, 71) and were incubated for 48 –72 h in serum-free medium
following virus addition before time lapse fluorescence imaging.

2.2.3

Confocal fluorescence imaging of Foxo1-GFP in living FDB muscle fibers

For studies of time course of Foxo1-GFP nuclear and cytoplasmic fluorescence, the
dish of cultured fibers was removed from the tissue culture incubator 10 min before the
start of imaging and medium was removed and replaced three times with L-15
(Invitrogen; room temperature). Leptomycin B, IGF-I, and/or Akt inhibitor were added
at various time points, as indicated. No serum was added to the culture media at any
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time before or during the fluorescence imaging.
The culture dish containing three compartments of Foxo1-GFP expressing fibers
was placed on an Olympus IX70 inverted microscope equipped with Olympus
FLUOVIEW 500 laser scanning confocal microscope imaging system as previously
described (52). The excitation wavelength was 488 nm, with a 505 nm long-pass
emission filter monitoring the Foxo1-GFP fluorescence. We acquired a time series of
high spatial resolution fluorescence confocal images of Foxo1-GFP in 3 day-cultured
adult mouse FDB fibers expressing exogenous Foxo1-GFP. Images were acquired at
10- min intervals before and during various pharmacological perturbations

2.2.4

Fluorescence image analysis

Using ImageJ software (National Institutes of Health, Bethesda, MD), the confocal
fluorescence microscope images were analyzed to calculate the mean nuclear pixel
fluorescence (N) and mean cytoplasmic pixel fluorescence (C), which are proportional
to the mean nuclear and mean cytoplasmic concentrations of Foxo1-GFP, in userdefined nuclei and in cytoplasmic areas, respectively, as a function of time (e.g., Fig.
2.1) in repeated images of the same fiber(s). All time course graphs presented here
show the ratio (N/C) of the values of N and C, both determined from individual images
recorded at 10-min intervals. Presenting the data as the ratio of N/C corrects for
differences in nuclear influx rates due to differences in the expression level of Foxo1GFP from fiber to fiber. In addition, it allows for adjustments of laser intensity and
image gain, which cause the same fractional change in N and C. Previous studies have
shown that under the conditions of the present work, the level of Foxo1-GFP
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cytoplasmic fluorescence remains constant over the course of our experiments (52) due
to the much larger cytoplasmic than nuclear volume. Figure 2.1A shows typical regions
of interest used for the quantification of the nuclear (N) and cytoplasm (C) mean pixel
fluorescence. The background intensity was subtracted from both the cytoplasm (C) and
nuclear (N) fluorescence intensity before calculating the N/C ratio. It might be
suspected that pixel fluorescence distributions over the nuclei (i.e., values of N) may be
partially contaminated by cytoplasmic fluorescence arising from other focal planes.
However, the fact that images of nuclei can be almost totally dark in fibers with bright
cytoplasmic fluorescence (see below) indicates that such “spillover” of fluorescence
from out of focal plane cytoplasmic fluorescence is negligible.

2.2.5

Confocal fluorescence immunocytochemistry of endogenous Foxo1

In a few experiments, fibers were isolated as above, but not exposed to Foxo1-GFP
adenovirus. Following 72 h of incubation without virus addition, fibers were washed
with L-15 and remained at room temperature for 1 h before being treated with or
without LMB (20 nM) for 40 min to mimic the conditions of our live cell studies
(above). Fibers were then fixed with 4% paraformaldehyde and permeabilized with 1%
Triton X-100 for 30 min. Normal goat serum was used at 5% for blocking. Fibers were
incubated with anti- Foxo1 (no. 2880; Cell Signaling) for 48 h, followed by washes
with PBS and an overnight incubation with secondary antibody.
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2.3 Results
2.3.1

Variability of Foxo1 nucleo-cytoplasmic distribution and unidirectional
nuclear influx in cultured adult skeletal muscle fibers

Adult muscle fibers previously isolated, maintained in culture, and transduced to
express Foxo1-GFP were imaged at 10-min intervals. In each image we determined
the background-corrected mean pixel fluorescence in a user-defined area covering
either a nucleus (N, Fig. 2.1A) or a large cytoplasmic area devoid of nuclei (C; Fig.
2.1A).
Because of the much larger cytoplasmic than nuclear volume in the muscle fibers
(Fig. 2.1A), C remains constant even as N changes appreciably (52), i.e., the cytoplasm
provides an effectively inexhaustible source of Foxo1-GFP for nuclear entry. C thus
serves as a measure of the total level of expression of Foxo1-GFP in each muscle fiber.
Assuming the nuclear import system for Foxo1 to be far from saturation, the rate of
Foxo1-GFP unidirectional nuclear influx would be proportional to C. To correct for
differences in nuclear influx due to differences in expression levels of Foxo1-GFP
between fibers, we therefore normalized N to C by calculating N/C as a function of
time for each nucleus. Note that although normalizing N to C corrects for mass action
effects of Foxo1 cytoplasmic level on nuclear import, it does not correct for any
downstream effects of Foxo1 in nuclei or cytoplasm, which would depend on the actual
levels of N or C, respectively.
Normal mature skeletal muscle fibers are highly multinucleate. Here we acquired
repeated confocal fluorescent microscope images of muscle fibers expressing Foxo1GFP (Fig. 2.1A). The acquired images contained either a single nucleus (Fig. 2.1B, fiber
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A), 2 nuclei (Fig. 2.1B, fiber B), or occasionally 3 nuclei (Fig. 2.1A) in the focal plane.
In total, 124 different nuclei were imaged in 68 muscle fibers. After removal from the
culture incubator the culture medium was replaced and fibers were washed three times
with fresh L-15. Fibers were first monitored for at least 20 min under control conditions.
Then leptomycin B (LMB), a specific blocker of CRM1-dependent nuclear efflux (75),
was applied (Fig. 2.1, C and D) at a concentration that fully blocks nuclear efflux and
thereby reveals the rate of unidirectional influx of Foxo1-GFP into the fiber nuclei (52).
Note that the linear increase of N/C with time (i.e., constant rate of increase) observed
in the presence of LMB (Figs. 2.1, C and D) establishes that the rate of Foxo1-GFP
unidirectional nuclear influx remained constant after the LMB addition.
For the two example nuclei from the same muscle fiber (fiber B, Fig. 2.1B), the
N/C starting levels before LMB and time courses of increase of N/C after adding LMB
are very similar (Fig. 2.1C), whereas the starting N/C and rate of increase of N/C in
LMB for the nucleus from another fiber in the same culture well (fiber B, Fig. 2.1B) are
considerably different (Fig. 2.1C). Figure 2.1D presents the N/C time courses for the
same protocol applied to a random selection of about half of all the nuclei studied under
control conditions in these studies. The immediate impression from the time courses of
N/C in Fig. 2.1D is that there is very large variability both in the initial values of N/C
before LMB application (t = 20 min; Fig. 2.1D), and in the net rate of Foxo1-GFP
nuclear influx in the presence of added LMB (t ≥ 20 min; Fig. 2.1D), even though the
N/C time courses are corrected for variation of Foxo1-GFP expression levels by
division by C.
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Figure 2.1 Nucleo-cytoplasmic distribution of Foxo1-GFP in individual skeletal
muscle fibers before and after exposure to LMB
A: lower-magnification confocal fluorescence image of a single muscle fiber
expressing Foxo1-GFP. User-defined areas of interest for monitoring cytoplasmic mean
pixel fluorescence (C) or nuclear mean pixel fluorescence (N) in a selected nucleus
present in the focal plane are indicated. B: higher-magnification Foxo1-GFP confocal
fluorescence images of two fibers. Fibers A and B are cultured in the same culture well
compartment. There is one nucleus in the fiber A image, whereas there are two nuclei
in the fiber B image. C: time course of Foxo1-GFP translocation in response to LMB
(added at time of arrow) in the three nuclei shown in B. There is a high similarity in the
starting levels and slopes of Foxo1-GFP nuclear to cytoplasmic fluorescence ratios
(N/C) in the presence LMB (20 nM) in nucleus no. 1 and no. 2 in fiber B, but the
starting level and slope of N/C in the nucleus in fiber A is different from those of
nucleus no. 1 and no. 2 of fiber B. D: individual time courses of Foxo1-GFP N/C from
about half (69) of all the nuclei studied. There are significant differences in both the
starting N/C values in the absence of LMB, and in the slope of translocation between
different nuclei from different muscle fibers in the presence of LMB.
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2.3.2

Foxo1-GFP nucleo-cytoplasmic distribution and influx rates are the same in
different nuclei in the same muscle fiber

Adult skeletal muscle fibers are formed during development by the fusion of
multiple mononuclear muscle precursor cells and thus consist of a long tubular structure
having many nuclei, predominantly at the fiber periphery. The multinucleate adult
muscle fiber structure provides a unique system in which to question whether the large
variability seen in Foxo1-GFP N/C time courses (Fig. 2.1D) is due to variability of
Foxo1 transport properties between individual nuclei in the same fiber, to variability
between different fibers in the same culture well, or to variability between fibers in
different culture wells. To investigate variability of Foxo1 fluxes between nuclei and
fibers, we compared Foxo1-GFP movements in pairs of nuclei either from the same
fiber or from different fibers cultured in the same well and thus exposed to the identical
solutions. In 42 pairs of nuclei, with each nucleus in the pair from the same fiber, but
with each pair from a different fiber, we found that 1) the values of N/C just before
LMB addition (Fig. 2.2A); 2) the values of N/C 40 min after LMB addition (Fig. 2.2B);
and 3) the values of the rate of change [i.e., slope; d(N/C)/dt] of N/C in the presence of
LMB (Fig. 2.2C) were essentially identical within each pair of nuclei from the same
fiber (Figs. 2.2, A–C; regression slope close to 1 and intercept close to zero, with r2 ≥
0.86 for each; see Fig. 2.2 legend for fit parameters). Thus, different nuclei in the same
fiber exhibit essentially identical nucleo-cytoplasmic Foxo1 distributions (Figs. 2.2, A
and B) and essentially identical unidirectional nuclear influx rates (Fig. 2.2C) in the
presence of LMB. This indicates that factors within the myoplasm that regulate the
availability of Foxo1 for nuclear transport in each muscle fiber, such as possible
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autocrine regulation of Foxo1 posttranslational modification (PTM) status in the
myoplasm, maintain the nuclear shuttling properties for Foxo1 uniformly throughout the
fiber. Furthermore, this result shows that nucleus-to-nucleus differences in the nuclear
transport system properties are minimally important for determining variability in
Foxo1 nucleo-cytoplasmic fluxes between nuclei in the same fiber.

Figure 2.2 Values of N/C ratio and in kI’ are closely similar in pairs of nuclei in
the same muscle fiber, but different in nuclei in different fibers in the same culture
well.
A and B: N/C for pairs of nuclei in one focal plane in the same fiber, either just before
(A) or 40 min after (B) application of LMB. The N/C ratio of nucleus no. 1 just before
LMB addition is plotted against N/C ratio of nucleus no. 2 just before LMB addition.
For muscle fibers with three or four nuclei, two nuclei were randomly chosen for plot.
The N/C ratios of nucleus no. 1 and nucleus no. 2 from the same individual fiber are
essentially identical, both before (r2 = 0.8614; slope = 1.0763; y-intercept = -0.0415)
and after (r2 = 0.9107; slope = 1.0701; y-intercept = -0.1523) LMB. C: for the same
group of nuclei as in A and B, kI’ in LMB of nucleus no. 1 is plotted against kI’ in
LMB of nucleus no. 2 of the same fiber. Again, there is near identity between the kI’ of
nucleus no. 1 and kI’ of nucleus no. 2 from the same individual fiber (r2 = 0.8601;
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slope = 1.0037; y-intercept = 0.0006). D and E: the N/C ratio from a nucleus of one
muscle fiber was plotted against N/C ratio from a nucleus from a different fiber in the
same culture well, both before (D) and after (E) LMB. The correlation in N/C ratios
between nuclei in different individual fibers both before (r2 = 0.2412; slope = 0.4978;
y-intercept = 0.7196) and after (r2 = 0.2786; slope = 0.4666; y-intercept = 2.2244)
LMB is very weak, much lower than that in A and B. F: for the same group of muscle
fibers as in D and E, kI’ in LMB in a nucleus of one fiber was plotted against kI’ from a
nucleus of a different fiber. The correlation in kI’ between nuclei of different individual
fibers is again much lower than that in C (r2 = 0.3922; slope = 0.4979; y-intercept =
0.0329). Some fibers/nuclei in D and E are also used in A and B. To pair different
fibers from the same chamber, we first found a fiber with one nucleus in the image. We
then found another different fiber in the same culture well. The second fiber may be
used in the group one fiber with two or three nuclei in the image.
2.3.3

Foxo1-GFP distribution and fluxes vary between nuclei from different
muscle fibers in the identical culture well

The results from pairs of nuclei from the same fiber (Fig. 2.2, A–C) show that
values of N/C just before LMB (Fig. 2.2A), values of N/C 40 min after LMB
application (Fig. 2.2B), and values of the slope of N/C in the presence of LMB (Fig.
2.2C) were very close to equal in pairs of nuclei from the same fiber. In contrast, the
same parameters from 33 pairs of nuclei, where each member of each pair comes from a
different fiber cultured in the identical culture well, were far from equal and were only
very weakly correlated (Figs. 2.2, D–F, respectively; slopes ~0.5, and 0.24 ≤ r2 ≥ 0.39).
Each pair of different fibers from which the pairs of nuclei from different fibers in Fig.
2.2 were sampled was maintained in the same culture well throughout the experiment.
Each of these pairs of fibers was thus exposed to the identical solutions. The lack of
correlation of N/C values and of values of nuclear entry rates of Foxo1-GFP between
nuclei in different fibers in the same culture compartment indicates that a particular set
of concentrations of extracellular factors (e.g., hormones, growth factors, cytokines) in
the bathing medium in the culture well, including possible paracrine factors secreted
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from the fibers in the culture well and accumulated in the medium (71), were incapable
of determining the same Foxo1 nucleocytoplasmic transport and distribution in different
fibers. These variable Foxo1 responses to a particular set of extracellular stimuli in
different fibers are dependent on the expression levels and activation patterns of growth
factor receptors, adaptor proteins, phosphatases, and scaffold proteins, which are
upstream of Foxo1.
However, these factors appear to be uniform throughout the cytoplasm of each
muscle fiber in view of the near identical distribution of Foxo1-GFP in different
nuclei in the same fiber (Fig. 2.2, A–C).

2.3.4

Like Foxo1-GFP, endogenous Foxo1 also exhibits the same nucleocytoplasmic distribution in different nuclei in the same muscle fiber.

The results in Fig. 2.2 were obtained using exogenous Foxo1-GFP. To verify that
these results also apply to the endogenous Foxo1 in muscle fibers, we next used antiFoxo1 antibody staining to localize and quantitate endogenous Foxo1 in the absence of
Foxo1-GFP expression. Here fibers were fixed and stained either under control
conditions (Fig. 2.3A, left) or 40 min after the application of LMB (Fig. 2.3A, right;
each image from a different fiber fixed at the indicated time). As shown by Fig. 2.3,
endogenous Foxo1 exhibits the same N/C in pairs of nuclei in the same muscle fibers,
both in fibers fixed before LMB application, as well as in other pairs of fibers fixed 40
min after application of LMB (Fig. 2.3B, top). In contrast, there is essentially no
correlation between levels of N/C for Foxo1 in pairs of nuclei from different fibers in
the same chamber fixed either before or 40 min after LMB (Fig. 2.3B, bottom). These
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results clearly confirm the findings with Foxo1-GFP in Fig. 2.2, A, B, D, and E,
indicating that exogenous Foxo1-GFP is a reliable indicator of the nucleo-cytoplasmic
distribution of endogenous Foxo1. It is of interest to note that the antibody staining
approach can only take a “snapshot” of N/C at a single time point, and thus cannot
track N/C in the same nucleus over time, as done for the Foxo1-GFP data in Fig. 2.2, C
and F. Thus, the antibody staining technique cannot be used to track the rate of entry of
Foxo1 into nuclei as done in Fig. 2.2, C and E, and below. The fact that Foxo1-GFP
can be used to track the Foxo1-GFP in the same nucleus over time provides the
valuable and important option of following the time course of nucleo-cytoplasmic
distribution of Foxo1- GFP in the same nucleus over time, with or without various
experimental perturbations (below).

Figure 2.3 Values of N/C ratio for endogenous Foxo1 are also closely similar in
pairs of nuclei in the same muscle fiber, but different in nuclei in different fibers in
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the same culture dish.
A: immunohistochemical staining for endogenous Foxo1 in nontransfected muscle
fibers, fixed either just before addition of LMB (left) or 40 min after application of
LMB (20 nM; right). Top images include two or more nuclei in the image, whereas
middle images contain a single nucleus. Note the much brighter nuclei after LMB. Also
note that each image is from a different fixed and stained muscle fiber. Bottom row
shows nonspecific staining by secondary antibody without application of primary
antibody. B: same layout as for Fig. 2.2, A, B, D and E, but now using N/C values for
antibody staining of endogenous Foxo1 in pairs of nuclei either in the same (top) or
different (bottom) fibers, just before (left) or 40 min after application of LMB (right).
As in the case of Foxo1-GFP, the N/C ratios of nucleus no. 1 and nucleus no. 2 from the
same individual fiber are highly similar, both before (r2 = 0.8087; slope = 0.7452; yintercept = 0.8221) and after (r2 = 0.9642; slope = 1.0608; y-intercept= -1.0165) LMB.
The correlation in N/C ratios between nuclei in different individual fibers, both before
(r2 = 0.0454; slope=
-0.3182; y-intercept = 3.3669) and after (r2 = 0.0338; slope
= 0.2325; y-intercept = 6.4574) LMB is essentially negligible, much lower than that in
nuclei in the same fiber (top).

2.3.5

Foxo1-GFP nucleo-cytoplasmic distribution is also highly similar in pairs of
nuclei from opposite ends of the same muscle fiber

Figures 2.2 and 2.3 show that pairs of values of Foxo1-GFP nucleo-cytoplasmic
distribution and fluxes are close to identical in pairs of nuclei from the same muscle
fiber. However, these results were obtained using pairs of nuclei in the same
microscopic image, and thus in relatively close proximity. We thus next compared
Foxo1-GFP in pairs of nuclei located within a quarter of the fiber length from opposite
ends of the same isolated muscle fiber (Fig. 2.4, A and B, ends 1 and 2). Fibers were
imaged at each of the two ends, both before (Fig. 2.4, A and B, top) and 60 min after
application of LMB (Fig. 2.4, A and B, bottom). N/C was similar in nuclei in both ends
of each fiber, both before and after application of LMB (Fig. 2.4, A and B). Note that
the system gain was decreased to about half in the high N/C fiber in LMB (Fig. 2.4B,
bottom). Scatter graphs of pairs of values of N/C before (Fig. 2.4C) or after LMB
27

addition (Fig. 2.4D) were close to equal in the pairs of nuclei from distant regions of the
same fiber. Since the nucleithroughout a muscle fiber are highly similar in their nucleocytoplasmic distribution of Foxo1, the signaling system controlling Foxo1 nuclear
levels must be regulated uniformly throughout the muscle fiber.

Figure 2.4 Near equality of Foxo1-GFP nucleo-cytoplasmic distribution in pairs of
nuclei located at opposite ends of the same skeletal muscle fiber.
A and B: a fiber with relatively low N/C (A) under control conditions and another fiber
with relatively high N/C (B) under the same control conditions were imaged at both ends
of the fiber, first under control conditions (top), and then 60 min after exposure to LMB
(bottom), which increased fluorescence in all nuclei at both ends of both fibers (compare
top and bottom rows of images). Note that the system gain was decreased to 0.55
(compared with the gain in all other panels) for the bottom row of B so as to avoid
saturation of nuclear fluorescence, which is why the cytoplasmic fluorescence appears
darker in the bottom row than in the top row of B. C and D: scatter graph of pairs of
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values of N/C from a pair of nuclei located at opposite ends of the same muscle
fiberunder control conditions (C) or after application of LMB for 60 min (D). N/C
values are closely similar in pairs of nuclei at opposite ends of the muscle fibers.
2.3.6

Characterizing variability of Foxo1 nucleo-cytoplasmic distribution and
fluxes

Up to this point we have considered similarities and differences of values of Foxo1GFP nucleocytoplasmic distribution or Foxo1-GFP unidirectional influx between pairs of
nuclei in the same or in different muscle fibers. We next explore the basis for the
variability between fibers in Foxo1 nucleo-cytoplasmic distribution and movements (Fig.
2.1D). To do this, we first sorted the Foxo1-GFP N/C time courses from all nuclei into
four groups according to the N/C value just before LMB addition, using N/C levels
grouped from 0 to 1, 1 to 2, 2 to 3, and 3 to 5. About half of the records in each group are
displayed in Figs. 2.5, A–D. Averages of all records within each of the four groups (Fig.
2.5E) reveal that the fibers with relatively higher levels of N/C before LMB addition also
showed relatively larger rates of increase of N/C after LMB addition (Fig. 2.5, E and F).
In fact, if each of the individual fiber records is first normalized to its own value of N/C,
and then the same groups are averaged, the four averaged normalized records become
essentially identical (Fig. 2.5G). This demonstrates that a single parameter determined
both the initial level of N/C as well as the rate of increase of N/C in the presence of LMB.
Figure 2.5 Time course of N/C ratio demonstrating variability of Foxo1-GFP
nuclear translocation in response to LMB.
A–D: 124 nuclei were divided into four groups based on the N/C ratio values (0 to 1, 1 to
2, 2 to 3, and 3 to 5; showing about half the nuclei studied) immediately before LMB was
added. All nuclei from each group responded to LMB application, but with different rates
of nuclear influx (different slopes). E: all 124 nuclei were grouped by N/C and each
group as averaged. F: the rate of nuclear increase of N/C in LMB increased with the N/C
value before LMB addition. G: however, if the N/C time course in each nucleus was
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normalized to its N/C value immediately before LMB was added and then each group
averaged, the average normalized N/C ratios show essentially the same rates of nuclear
influx (similar slopes in LMB). H: average time course (not normalized or grouped) for
N/C ratio of all 124 nuclei.
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2.3.7

The nucleo-cytoplasmic distribution of Foxo1 in each nucleus under control
condition is closely correlated with the rate of Foxo1 unidirectional nuclear
entry in the same nucleus

The grouped and normalized average time courses in Fig. 2.5G strongly indicate
that the value of N/C measured just before LMB addition is highly predictive of the rate
of increase of N/C after LMB addition. We therefore next compared N/C just before
LMB with the rate of increase of N/C in LMB in each individual nucleus studied under
these control conditions. A scatter graph of the results from all individual nuclei
examined demonstrates a close to proportional relationship between the value of N/C
just before LMB addition and the value of the rate of increase (d(N/C)/dt) of N/C after
LMB addition in the same nucleus (Fig. 2.6A). Thus, the nucleo-cytoplasmic
distribution of Foxo1-GFP appears to be closely related to its unidirectional influx rate.
Note that for purposes of calculating unidirectional rates of Foxo1 nuclear influx
(or efflux; see below), we assume that addition of LMB completely blocked nuclear
efflux but did not alter nuclear influx. In this case, the rate of Foxo1-GFP
unidirectional nuclear influx would be the same in the presence of LMB as just before
LMB addition.
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Figure 2.6 Scatter graphs of the value of the N/C ratio just before LMB addition
as a function of the apparent rate constant kI’ or kE’ for Foxo1 nuclear influx or
efflux, and reaction scheme for Foxo1 nucleo-cytoplasmic fluxes.
A: N/C for Foxo1-GFP in each nucleus just before LMB addition increases
proportionally with increasing apparent rate coefficient kI’ for unidirectional nuclear
influx in the same nucleus (r2 = 0.720); y intercept = 0.434; slope = 13.793. B: reaction
scheme representing the unidirectional nuclear influx of unphosphorylated cytoplasmic
Foxo1 (Uc) with rate coefficient kI’, unidirectional nuclear efflux of phosphorylated
nuclear Foxo1 (Pn) with rate coefficient kI’, the interconversion of cytoplasmic Uc to
phosphorylated cytoplasmic Foxo1 (Pc) and the interconversion of Pn to nuclear
unphosphorylated nuclear Foxo1 (Un). The effects of IGF-I application as a
physiological activator of Foxo1 phosphorylation by the kinase Akt, as well as the
pharmacological inhibition of the nuclear efflux pathway by LMB and inhibition of Akt
by Akt-I, are also shown. C: The N/C value just before LMB shows no relationship to
the value of kE’ in the same nucleus (r2 = 0.003; slope = 2.431). D: mean values of kE’
for nuclei grouped according to the N/C value recorded in the same nucleus just before
LMB addition. The N/C ranges are the same as in Fig. 2.5.
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2.3.8

Model for Foxo1 nucleo-cytoplasmic movements

Up to this point we have relied on purely empirical measurements to characterize
similarities and differences in Foxo1-GFP nucleocytoplasmic distribution and
movements in different nuclei. Now we consider a reaction scheme (Fig. 2.6B) and
corresponding mathematical model (below) representing the nuclear fluxes and the
phosphorylation and dephosphorylation of Foxo1 in cytoplasm and nuclei (71). This
will allow us to establish that the rate of increase of N/C in the presence of a
concentration of LMB that fully blocks nuclear efflux of Foxo1, as presented on the xaxis of Fig. 2.6A, is also equal to the value of the apparent rate coefficient (kI’) for
Foxo1-GFP unidirectional nuclear influx.
As shown in Fig. 2.6B, only dephosphorylated Foxo1 can enter the muscle fiber
nuclei via the nuclear import system, and only phosphorylated Foxo1 can exit the
nuclei via the nuclear export system. Thus, the model for Foxo1-GFP nucleocytoplasmic movements (Fig. 2.6B; 71) includes unidirectional nuclear influx of
unphosphorylated cytoplasmic Foxo1-GFP (Uc) and unidirectional nuclear efflux of
phosphorylated nuclear Foxo1-GFP (Pn), in addition to inter-conversion of cytoplasmic
phosphorylated (Pc) and unphosphorylated (Uc) Foxo1-GFP and interconversion of
nuclear phosphorylated (Pn) and unphosphorylated (Un) Foxo1-GFP.
Considering the simultaneous occurrence of nuclear influx and efflux (Fig. 2.6B),
the net rate of change (dN/dt) of the nuclear concentration (N) of Foxo1-GFP is given
by
dN ⁄ dt = kIUc – kEPn

(1)

where the nuclear/cytoplasmic volume ratio is embedded in the rate constants kI and kE.
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In practice, in our experimental measurements of Foxo1- GFP fluorescence we
cannot distinguish Pc from Uc in the total cytoplasmic fluorescence C, nor can we
distinguish Pn from Un in the total nuclear fluorescence N. We thus express Uc and Pn
in terms of the measured parameters C and N as Uc = C (fUc) and Pn = N (fPn), where
fUc is the fraction of cytoplasmic Foxo1-GFP that is unphosphorylated and fPn is the
fraction of nuclear Foxo1-GFP that is phosphorylated. Substituting these into Eq. 1,
we obtain
dN ⁄ dt = kI’C – kE’N
where the apparent rate coefficients kI’= and kE’= are defined as kI fUc and kE
fPn, respectively. In our experiments, we consider the system to be near steady
state (i.e., dN/dt close to zero) under our “control” conditions before LMB
addition.
Equation 2 is the starting point for the analyses in the APPENDIX. In brief, in the
absence of nuclear efflux (i.e., in the presence of a fully blocking concentration of
LMB), kE’= 0 and the apparent rate coefficient kI’ for unidirectional nuclear entry is
defined by the flux equation dN/dt = kI’ C. Under the condition of essentially constant
C, as is the case in skeletal muscle fibers due to the much larger cytoplasmic than
nuclear volume, the preceding equation can be written as d(N/C)/ dt = kI’.
The data in Fig. 2.6 A thus establish that for each nucleus the value of N/C before
LMB addition is proportional to kI’ in LMB, giving rise to parallel variation of N/C
and kI’ between different fibers. This indicates that variability of N/C under the quasi
steady- state conditions before LMB addition is largely determined by the value of kI’.
Note that in Fig. 2.6A (and in Fig. 2.6B), each point presents values of different
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(2)

parameters (e.g., kI’ and N/C in Fig. 2.6A) obtained in the same nucleus. In contrast, in
Figs. 2.2, 2.3, and 2.5, C and D, each point presents pairs of values of the same
parameter, N/C or kI’, obtained in different nuclei from the same or different muscle
fibers.
2.3.9

Variability of Foxo1 nucleo-cytoplasmic distribution in different nuclei is
only weakly correlated with the apparent rate coefficient for Foxo1
unidirectional nuclear efflux

In the absence of LMB, we must consider nuclear influx and efflux operating in
parallel (but in opposite directions), in which case APPENDIX Eq. A4 or Eq. A5 can be
used to calculate the apparent rate coefficient kE’ for unidirectional nuclear efflux at the
time of LMB addition using the value of kI’ in LMB (Eq. A3) and the level and rate of
change of N/C just before LMB addition (see APPENDIX for derivation of these
results). Using Eq. A4 or A5 (APPENDIX), we can now calculate the value of the
apparent rate coefficient kE’ for Foxo1-GFP unidirectional nuclear efflux. Figure 2.6C
presents the values of N/C in each nucleus just before LMB addition, now graphed as a
function of the value of kE’ calculated for the same nucleus using Eq. A4 or Eq. A5,
again using each of the 124 nuclei studied under control conditions. In contrast to kI’,
there is no systematic variation of the level of N/C with the value of kE’ with (r2 =
0.0034).
Furthermore, when binned by N/C levels as in Fig. 2.4, the mean values of kE’ for
each N/C interval were essentially identical (Fig. 2.6C), establishing that variability of
kE’ was not the cause of any systematic variability of Foxo1 nucleo-cytoplasmic
distribution in resting fibers.
35

2.3.10 kE’ values from pairs of nuclei in the same fiber are essentially uncorrelated
After observing that values of N/C in individual nuclei were essentially
uncorrelated with the value of kE’ in the same nucleus (Fig. 2.6C), we next checked for
a possible correlation of kE’ values in pairs of nuclei in the same. A scatterplot of pairs
of values of kE’ from pairs of nuclei in the same fiber showed almost no correlation
(Fig. 2.7A). In fact, the correlation between pairs of kE’ values from nuclei in the same
fiber was hardly better than the correlation of pairs of kE’ values from pairs of nuclei
from different fibers cultured and studied in the same culture well (Fig. 2.7B). Thus,
global factors throughout the cytoplasm do not appear to be capable of setting the value
of kE’ in nuclei throughout the muscle fiber, as they apparently can for kI’, which is
represented as d(N/C)/dt in Fig. 2.2C and is very highly correlated (essentially equal)
between different nuclei in the same fiber (Fig. 2.2C).
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Figure 2.7 kE’ values are relatively uncorrelated in pairs of nuclei from either
the same or different muscle fibers.
A: scatter graph of pairs of values of kE’ obtained from pairs of nuclei in the same
muscle fiber (same nuclei and fibers as used in Fig. 2.2). The kE’ values are hardly
correlated (r2 = 0.38). Thus, nuclear efflux effectiveness does not seem to be regulated
between nuclei in the same muscle fiber, which is in contrast to nuclear influx, which is
highly similar in pairs of nuclei in the same fiber (Figs. 2.2–2.4). B: scatter graph of
pairs of values of kE’ obtained from pairs of nuclei in different muscle fibers cultured
and studied in the same culture well. The kE’ values are only slightly less well
correlated (r2 = 0.24).
2.3.11 Phosphorylation status, rate coefficients, and apparent rate coefficients for
Foxo1 unidirectional nuclear influx or efflux
In considering the model for Foxo1 nucleo-cytoplasmic fluxes (Fig. 2.6B), it is
informative to note that the rate coefficients kI and kE for Foxo1 nuclear influx and
efflux are independent of Foxo1 phosphorylation status, and just reflect the
effectiveness of the nuclear import and export systems, respectively. In contrast, the
corresponding apparent rate coefficients kI’ and kE’ reflect the fractional
unphosphorylation of cytoplasmic Foxo1-GFP, and the fractional phosphorylation of
nuclear Foxo1-GFP, respectively. Thus, changes in the activation status of the IGF37

I/PI3K/Akt axis, which alter Foxo1 phosphorylation status, will correspondingly alter
the apparent rate coefficients kI’ and kE’ (but will not alter the actual rate coefficients
kI and kE). As cytoplasmic Foxo1-GFP becomes increasingly unphosphorylated, kI’
will approach kI (as fUc approaches 1). As nuclear Foxo1-GFP becomes increasingly
phosphorylated, kE’ will approach kE (as fPn approaches 1). Thus, kI’ and kE’ serve as
relative measures of cytosolic Foxo1 dephosphorylation and nuclear phosphorylation,
respectively.

2.3.12 Mechanistic basis for the parallel variability of N/C and kI’: effects of IGF-1
The large variability of baseline values of Foxo1-GFP nuclear to cytoplasmic ratio
(N/C) under control conditions, shown in the Y coordinates of the points in Fig. 2.6, A
and C, has been seen in our earlier reports on Foxo1-GFP nucleo-cytoplasmic
distribution, but its molecular basis has not been previously investigated. We next
examine the hypothesis that the large variability in N/C and rate of increase of N/C in
the presence of LMB under baseline experimental conditions is due to variability in the
level of activation of the IGF-I/PI3K/ Akt pathway, which phosphorylates Foxo1,
decreasing its rate of entry into fiber nuclei, i.e., decreasing kI’ since phosphorylated
Foxo1 does not enter the nuclei (51, 54). Recall that kI’ is equal to the product of the
absolute rate coefficient kI for Foxo1 unidirectional nuclear entry times the fraction of
cytoplasmic Foxo1 that is available for nuclear entry, i.e., not phosphorylated, so kI’
serves as a measure of Foxo1 dephosphorylation in the cytoplasm.
In this experiment we first record N/C as a function of time in each nucleus during
60 min under control conditions. To take into account fiber variability under control
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conditions (Figs. 2.5 and 2.6, A and C), we first separate the “test” nuclei, which will
be subsequently exposed to high IGF-I, into three groups defined on the basis of the
baseline level of N/C (“low,” “mid,” or “high”) just before IGF-I addition (Fig. 2.8A;
see legend for ranges of N/C in the low, mid, and high N/C groups), and similarly
group the control nuclei (Fig. 2.8 B; not to be exposed to IGF-I).
After 1 h under baseline conditions, during which N/C remained relatively constant
in each group, 480 pM IGF-I was added to all test fibers. The high and mid baseline
N/C fibers exposed to IGF-I exhibited a brisk decline in N/C in response to IGF- I
addition (Fig. 2.8A), as previously reported (52). In contrast, N/C did not change in the
low baseline fibers on application of IGF-I, consistent with the interpretation that Foxo1
was already near-maximally phosphorylated in the low N/C fibers, presumably due to
endogenous activation of Akt during the baseline interval in the low baseline group.
The control fibers, which were not exposed to IGF-I, continued with relatively constant
N/C before LMB addition (Fig. 2.8B).
Subsequent application of LMB to all test fibers (already exposed to IGF-I)
showed that the Foxo1 nuclear influx rates for the three groups, all in the continuing
presence of high IGF-I, were all small and about the same, as evidenced by the
similarity the slopes of N/C in the presence of LMB for each of the three groups (Fig.
2.8, A and C). Thus, strong activation of Akt by application of a high concentration of
IGF-I removed the variability of N/C before LMB and also eliminated the variability of
Foxo1- GFP unidirectional nuclear influx rate in the presence of LMB. A similar effect
was found using half the concentration of IGF-I (not shown), so this appears to be the
maximal effect of IGF-I. In the “control” fibers maintained in parallel culture wells not
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exposed to IGF-I, variability of N/C before LMB addition and of Foxo1 nuclear influx
rate in LMB was retained, as shown by the very different slopes in the presence of
LMB for the low, mid, or high baseline N/C nuclei NOT exposed to IGF-I (Fig. 2.8, B
and D).
Note that the mid and high groups of control fibers in Fig. 2.8, B and D, had only
1 or 2 nuclei, but they show the same trend as seen in the full population of fibers
under control conditions (Fig. 2.5).
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Figure 2.8 Effect of IGF-I addition on the nucleocytoplasmic distribution of Foxo1GFP.
Results are shown from fibers exposed to IGF-I (A and C) and from parallel fibers treated
with the same procedures but not exposed to IGF-I (B and D). Nuclei were grouped by
N/C values, using groups having N/C < 0.8 (low baseline group; 5 nuclei from 4 fibers
with IGF-I, 7 nuclei without IGF-I), 1 < N/C < 2.4 (mid baseline group; 6 nuclei from 4
fibers with IGF-I, 1 nucleus without IGF-I), or 2.4 < N/C < 4.0, the maximum value in
this series (high baseline group; 4 nuclei from 4 fibers with IGF-I, 3 nuclei without IGFI) based on the N/C level just before adding IGF-I (left) or at the same time but without
IGF-I addition (right). Application of IGF-I (480 pM) causes the group average N/C time
course to decline in the “high” and “mid” groups, and to approach the level of the “low”
average time course. A and B: subsequent addition of LMB causes only very modest rate
of increase of N/C in fibers exposed to IGF-I (A), but much stronger increase in the
control fibers not exposed to IGF-I (B). C: kI’ values from nuclei for the fibers exposed
to IGF-I, with nuclei separated into 3 groups (above), demonstrate uniform low kI’ values
in LMB. D: nuclei from fibers not exposed to IGF-I show kI’ values that increase with
N/C level before LMB addition.
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2.3.13 Inhibition of AKT does not convert all fibers to a constant maximal Foxo1
nuclear influx rate and does not eliminate variability of kI’
Figure 2.8 shows that IGF-I application can convert the Foxo1 nucleo-cytoplasmic
flux properties of high and mid N/C fibers to those of low N/C fibers, presumably by
activating the IGF-I/PI3K/Akt pathway. Strong activation of Akt by IGF-I leads to
maximal phosphorylation and consequent nuclear exclusion of Foxo1, resulting in the
observed low N/C before LMB application and low rate of increase of N/C in LMB in
fibers previously exposed to IGF-I. On the basis of these observations we reasoned that
blocking Foxo1 phosphorylation might have the opposite effect, namely, causing all
nuclei to uniformly exhibit high rates of Foxo1 nuclear entry. We thus also looked at
the effects of blocking Akt. All nuclei studied under control conditions and exposed to
LMB to determine the unidirectional rate of influx of N/C (Figs. 2.1, 2.5, and 2.6A)
were also subsequently followed for an additional 40 min (not shown in Fig. 2.1 or Fig.
2.5) in the combined presence of LMB and the Akt inhibitor (Akt-I). In contrast to our
expectation that inhibition of Foxo1 phosphorylation would result in a uniformly high
(maximal) rate of Foxo1-GFP nuclear entry, we found that Akt-I application caused the
rate of Foxo1- GFP nuclear entry in LMB to increase by a similar fraction for each of
the ranges of N/C levels before LMB (Fig. 2.9). This indicates that some mechanism
other than Foxo1 phosphorylation was contributing to modulate the rate of Foxo1-GFP
nuclear entry and its relationship to N/C. Note that the Akt-I concentration used in Fig.
2.9 seems to be maximally effective since fourfold higher concentration of Akt-I had
similar effects on kI’ (not shown).
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Figure 2.9 Adding Akt inhibitor (Akt-I) after LMB increases kI’ in LMB pproportionally for all levels of N/C before LMB addition.
After a control period, fibers were first exposed to LMB- containing bathing solution
for 40 min, and then exposed to bathing solution containing both LMB (as before) plus
the Akt inhibitor Akt-I. The rate of increase of N/C first in in LMB alone and then in
LMB plus Akt-I was determined. Akt inhibition by Akt-I increases average kI’ values
in LMB by a similar proportion in averages of records grouped by N/C levels before
LMB addition (see Fig. 2.5 for groupings). Data from same nuclei as used in Fig. 2.6.
2.4 Discussion
Foxo transcription factors activate transcription of genes involved with skeletal
muscle protein breakdown, and thereby promote muscle fiber atrophy. Here we provide
a novel, extensive and detailed quantitative assessment of Foxo1 nucleocytoplasmic
distribution and the unidirectional Foxo1 nuclear fluxes that underlie that distribution.
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Our results document a previously unsuspected variability of both Foxo1-GFP
nucleocytoplasmic distribution and of Foxo1-GFP unidirectional nuclear influx between
nuclei in different fibers in the same culture dish compartment, and thus exposed to the
identical bath composition. In contrast, we demonstrate for the first time that the values
of these experimental parameters were essentially identical between individual nuclei
within the same muscle fiber. We also identified a parallel variation of the rate
coefficient for Foxo1 nuclear entry (kI’) and the resting ratio of nuclear to cytoplasmic
Foxo1-GFP concentration (N/C), presumably indicating that N/C is determined by kI’.
Finally, we experimentally tested the hypothesis that differences in Foxo1 PTM status
contributed to the observed variability in Foxo1 nucleo-cytoplasmic distribution and
movements.
2.4.1

Foxo1-GFP nucleo-cytoplasmic distribution and unidirectional rate of
nuclear influx are essentially identical in different nuclei within a given
muscle fiber, but vary between nuclei in different fibers.

Variability in responses of different single cells to the same input stimulus or
condition poses an interpretative problem, since no individual cell may actually exhibit
the overall average response of the cell population. However, variability in cell
responses can also provide information for characterizing functional properties of the
underlying signaling pathways and the systems regulating the cellular process under
investigation.
Here we examine, for the first time, cell to cell variability in signaling by Foxo1.
We utilize sequential confocal fluorescence images of Foxo1-GFP in isolated adult
mouse skeletal muscle fibers to examine the ratio (N/C) of Foxo1-GFP nuclear to
44

cytoplasmic mean pixel fluorescence, which equals the nuclear to cytoplasmic
concentration ratio. We obtained a data set of time course recordings from 124 nuclei in
68 different adult (highly multinucleate) skeletal muscle fibers, all studied under the
same experimental conditions. For each nucleus we monitored the time course of N/C
under “control” conditions, and we continued to monitor the rise of N/C when we added
the nuclear export blocker LMB (Fig. 2.1) to reveal the apparent unidirectional rate
coefficient kI’ for nuclear influx of Foxo1-GFP. We have arrived at a number of novel
findings based on examining fiber and nuclear variability of these and other aspects of
Foxo1-GFP nucleo-cytoplasmic movements.
Cell-to-cell variability of nucleo-cytoplasmic movements of transcriptional
regulator molecules in mononucleate cells (65) could be due to either variability of
cytoplasmic (or nuclear) signaling molecule levels, or to cell-to-cell variability in the
nuclear transport system per se. Here, adult skeletal muscle fibers, having a large
number of nuclei in the same single muscle fiber, provided the near unique possibility
of examining whether properties residing in individual nuclei (e.g., nuclear transport
machinery) or the general cytoplasmic (or nuclear) environment (e.g., Foxo1
phosphorylation status) determine the variability of Foxo1 nuclear fluxes. By
examining Foxo1- GFP flux properties in pairs of nuclei from the same or different
fibers in the same culture compartment, we find that, although N/C and kI’ exhibit
wide variability over the population of nuclei studied (Fig. 2.1), the values of N/C and
the values of kI’ in the pair of nuclei are very highly correlated if the pair of nuclei
comes from the same muscle fiber (Fig. 2.2, A–C) but are only very weakly correlated
if the pair of nuclei comes from different muscle fibers cultured in the same culture
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well (Fig. 2.2, D–F).
These results demonstrate that global factors throughout the muscle fiber
cytoplasm, possibly autocrine in nature and likely including Foxo1 phosphorylation
status, determine N/C and kI’, and that neither factors particular to individual nuclei
within a given muscle fiber nor factors in the bathing medium (possibly paracrine in
nature) are major determinants of Foxo1 nucleo-cytoplasmic distribution and kinetics.
In addition, antibody staining for endogenous Foxo1 in the absence of Foxo1-GFP
expression resulted in similar conclusions regarding Foxo1 nucleo-cytoplasmic
distribution in nuclei in the same fibers versus different fibers in the same culture dish
(Fig. 2.3), thereby establishing that our conclusions are not particular to exogenous
Foxo1-GFP, but also apply to endogenous Foxo1.

2.4.2

The apparent rate coefficient for Foxo1 nuclear influx appears to determine
variability of Foxo1-GFP nucleo-cytoplasmic distribution between nuclei in
different fibers

Examining all nuclei in our control data set, we find a strong correlation between
N/C just before adding LMB and the value of kI’ determined in the same nucleus in
LMB (Fig. 2.6A), which we have for the first time experimentally determined
systematically in each nucleus near the end of each experiment as the rate of Foxo1GFP nuclear influx when efflux is blocked in the presence of LMB. Importantly, if the
N/C time courses from different nuclei from either the same or different muscle fibers
are normalized by the N/C value just before adding LMB in the same fiber, the
normalized records from all fibers are essentially identical (Fig. 2.5G), indicating that a
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single parameter is the key (and sole) factor determining the Foxo1 nucleo-cytoplasmic
distribution under control conditions. Since from a functional standpoint, the
unidirectional nuclear flux rates for any transported molecule determine its nucleocytoplasmic distribution, and not vice versa, we conclude that the Foxo1 nuclear influx
rate is the determining factor for the observed variability of Foxo1 nucleo-cytoplasmic
distribution, and not vice versa. The close correlation of kI’ in LMB with N/C before
LMB (Fig. 2.6A) and lack of correlation between kE’ and N/C (Fig. 2.6C) illustrate the
potential interpretative power of examining cell variability (14).

2.4.3 Important conclusions were obtained by examining fiber-to-fiber variability
Interestingly, the important conclusion regarding correlation of N/C just before
addition of LMB and rate of increase of N/C in the presence of LMB would have been
totally unrecognized had we simply examined only the average response (Fig. 2.5H).
This highlights the potential usefulness of monitoring responses to the same conditions
in different individual cells, and of characterizing cell to cell variability in these
responses, rather than simply averaging all the individual cell responses. It is
informative to note that the variable response to LMB addition that we characterized
here in nucleocytoplasmic flux parameters for Foxo1 in muscle fibers is similar to the
“fold change response” in cultured ERK2-YFPexpressing clone of C7 cells, where the
peak nuclear accumulation of ERK2 in response to epidermal growth factor (EGF) is
proportional to the basal ERK2 nuclear content in each cell before EGF application
(64).
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2.4.4

Activation of the IGF-1 signaling pathway suppresses variability

Mechanistically, Foxo1 phosphorylation via the IGF-I/ PI3K/Akt pathway is known
to suppress Foxo1 nuclear content. Here we tested the hypothesis that phosphorylation
status of Foxo1 at least partially underlies the variability of Foxo1 nucleo-cytoplasmic
movements. We show that IGF-I application can remove the variability of N/C and kI’
by shifting N/C in fibers with higher values of N/C before LMB application to low
levels and causing a much reduced kI’ in the presence of LMB (Fig. 2.8, A and C), thus
effectively shifting the values of both N/C and kI from the range of control variability to
the low end of the “variability spectrum” seen in control (i.e., in the absence of added
IGF-I). However, application of the Akt inhibitor did not drive all nuclei to uniformly
high kI’ (Fig. 2.9), as would be anticipated if Akt-I application produced a uniformly
high availability of Foxo1 for nuclear import in all fibers. The failure of Akt-I to achieve
a uniform high level of Foxo1 nuclear influx implicates posttranslational modifications
other than phosphorylation in determining Foxo1 nucleo- cytoplasmic distribution,
possibly including Foxo1 acetylation/ deacetylation (57-61), which would be interesting
to examine in future studies using the present approach.

2.4.5

Other experimental and interpretative considerations

Although skeletal muscle fibers also have adherent muscle satellite cells under the
muscle fiber basement membrane (76), with the entire satellite cell cannot be
distinguished from muscle fiber nuclei in the present studies, we have previously shown
that satellite cells represent only 1 to 2% of all nuclei on an FDB muscle fiber under our
experimental conditions (77), and thus can be ignored in the present studies. In another
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previous study we showed that under our conditions, Foxo1-GFP is present at
approximately seven times higher concentration than endogenous Foxo1, and distributes
similarly to endogenous Foxo1 between cytoplasm and nuclei (52). We also showed
that the repetitive “striped” pattern of Foxo1-GFP cytoplasmic fluorescence (Fig. 2.1, A
and B) is due to localization of Foxo1- GFP at the muscle fiber sarcomeric Z disk (52),
which repeats at approximately 2-µm intervals along the muscle fiber. Endogenous
cytoplasmic Foxo1 is similarly localized at the Z disk in muscle fibers (52).
Most of the data presented here were generated from muscle fibers which
overexpressed Foxo1-GFP. In contrast, Fig. 2.3 used immunohistochemistry to track the
nucleo-cytoplasmic distribution of endogenous Foxo1 in different nuclei of the same or
different muscle fibers. The results in Fig. 2.3 agree with the results in Fig. 2.2, which
were obtained using exogenous Foxo1-GFP. This supports the use of Foxo1-GFP
fluorescence imaging as a good surrogate for the endogenous Foxo1. Unfortunately,
there is no method available to monitor nucleocytoplasmic movement of endogenous
Foxo1 over time in the same living muscle fiber, as we do routinely in our experiments,
so the kinetic aspects of the current study cannot be reproduced for the endogenous
Foxo1.

2.4.6

Simplified model for Foxo1 nucleo-cytoplasmic distribution and fluxes

Here we use a simplified model for Foxo1 nucleocytoplasmic distribution and
phosphorylation/dephosphorylation that we have previously presented and used (71). It
must be noted that the model used in our analyses (Fig. 2.6B) constitutes a considerable
simplification of the actual biochemical system. For example, there are three Akt
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phosphorylation sites on Foxo1, and thus multiple partially phosphorylated species of
Foxo1-GFP may be present in both nucleus and cytoplasm. However, for ease of
interpretation, in the cytoplasm we just consider a single “phosphorylated” state that
cannot enter the nuclei and a single “unphosphorylated” state that can enter the nuclei,
and in the nuclei we consider only a single “phosphorylated” state that can exit the
nuclei and a single “dephosphorylated” state that cannot exit the nuclei. These
limitations are not serious for the present purposes because it is impossible to
determine all of the various partially phosphorylated species, or the combinations of
other post translational modification states of either nuclear or cytoplasmic Foxo1. A
full model including the large number of intermediate states has too many parameters
to achieve an understanding of general aspects of Foxo1 regulation for the present
purposes. For simplicity, many different molecular species are simply lumped into
single “states” that can or cannot cross the nuclear envelope.

2.4.7

Comparison with previous method for determining values of unidirectional
flux rate coefficients for Foxo1 nucleo-cytoplasmic distribution using the
same model

We have previously used the reaction scheme in Fig. 2.6B and the related
mathematical model (see Eqs. 1 and 2 and APPENDIX 1) to obtain values of kI’ and
kE’ (71). However, in our earlier use of the model we required a time interval where the
system exponentially approached a new steady state under conditions of constant kI’
and kE’ (71). As seen in Fig. 2.5, such an exponential approach to a new steady state is
not always present under control conditions as used here. Instead, we now introduce an
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alternative method, based on the application of a fully blocking concentration of LMB
to eliminate nuclear efflux of Foxo1 while not altering nuclear influx. The values of the
experimentally measured parameters d(N/C)/dt in LMB and of N/C and d(N/C)/dt just
before LMB, when used with the corresponding model equations [A3 and either A4 or
its reduced version, A5, if d(N/C)/dt = 0] provides a convenient new method for
evaluating the model variables kI’ and kE’. The present method does not require a
period of exponential approach to a new steady-state Foxo1 nucleo-cytoplasmic
distribution, as used previously (71).

2.5 Conclusion
In conclusion, our results show that Foxo1 nucleo-cytoplasmic distribution and
fluxes are highly similar in pairs of nuclei in the same fiber, but highly variable
between fibers, even though the fibers are maintained in the same culture well.
Furthermore, this variability arises from the variability of the Foxo1 nuclear influx
apparent rate coefficient, and the variability in influx rate can be eliminated by
application of IGF-I, which initiates the signaling cascade that results in Foxo
phosphorylation by activated Akt.
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3. Alternative signaling pathways from IGF1 or Insulin to AKT
activation and FOXO1 nuclear efflux in adult skeletal muscle fibers
This research was originally published in the Journal of Biological Chemistry.
Russell SJ, Schneider MF. Alternative signaling pathways from IGF1 or insulin to AKT
activation and FOXO1 nuclear efflux in adult skeletal muscle fibers. J Biol Chem. 2020;
6;295(45):15292-15306. © the American Society for Biochemistry and Molecular
Biology. As first author, I carried out experiments and analysis and Dr. Schneider and I
planned and interpreted experiments.

3.1 Introduction
Skeletal muscle is essential for all voluntary and reflex movement and is
one of the primary insulin sensitive tissues. Indeed, skeletal muscle insulin
insensitivity is implicated as a major marker for the onset of type 2 diabetes (78).
Loss of muscle mass itself is associated with aging (79-81) or disuse (82, 83), from
myopathies and muscular dystrophy, and from systemic disorders such as diabetes
(84), cancer (85, 86), and heart failure (87), where it is associated with poor
prognosis for these diseases (16, 85, 86). Additionally, loss of muscle mass and
muscle strength leads to a lack of mobility and difficulty in breathing, which cause
a deterioration in quality of life and increased likelihood of morbidity (88). Muscle
atrophy, or loss of muscle mass, is characterized by an excess of protein
degradation relative to protein synthesis in muscle. Muscle atrophy is regulated at
the cellular level by several signaling pathways that modulate the balance between
protein synthesis and degradation. Here we investigate a major signaling pathway
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involved in muscle atrophy that is regulated by both insulin and IGF1.
Both insulin and IGF1 play large and important roles in skeletal muscle.
Interaction with insulin, IGF1, or hybrid insulin– IGF1 receptors is key in the
growth, differentiation, and homeostasis of skeletal muscle (32). Additionally,
inactivation of insulin and IGF1 receptors in skeletal muscle has been shown to
cause type 2 diabetes in mice (89). These growth hormones also play roles in
preventing muscle atrophy. A major down- stream target of insulin and IGF1 is
FOXO1, a transcription factor involved in activating pro-atrophic gene
transcription.
The FOXO (forkhead box class O) family is a conserved transcription factor
family involved in various cellular roles including cell proliferation and cell
survival (11). Four iso- forms of FOXO exist in humans: FOXO1, FOXO3A,
FOXO4, and FOXO6, and all are expressed in skeletal muscle fibers except
FOXO6 (11). Of these, FOXO1 and FOXO3A are implicated as critical for
muscle atrophy because the two iso- forms promote transcription of E3 ubiquitin
ligases, MURF-1, and MAFbx/ATROGIN1, which are responsible for protein
degradation via the proteasome and are highly expressed during muscle atrophy (6,
9, 62, 90).
Additionally, up-regulation of either FOXO1 or FOXO3A individually is capable
of activating muscle atrophy (5, 6). Here our study focuses on the FOXO1 isoform.
The phosphorylation status of FOXO1 dictates the localization of FOXO1 in either
nuclei or cytoplasm of myofibers and thus determines the transcriptional activity of
FOXO1. AKT (protein kinase B) is a serine/threonine specific protein kinase that,
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when activated, phosphorylates FOXO1 on three conserved sites (Thr24, Ser256, and
Ser319) (51) in both cytoplasm and nuclei (71). This phosphorylation causes the
FOXO1 nuclear localization signal to be obscured, thus preventing nuclear entry
of FOXO1. AKT phosphorylation of FOXO1 within nuclei results in FOXO1
unbinding DNA (49, 54), and with recruitment of chaperone protein 14-3-3 and
CRM1 and RAN (49), the nuclear export signal (NES) is exposed, and FOXO1 is
transported out of the nuclei (91, 92). Upon dephosphorylation of FOXO1 (52, 53),
the nuclear localization signal is exposed, and FOXO1 enters myofibers nuclei,
binds DNA, and induces transcription of pro-atrophic genes (51). Thus, the
nuclear– cytoplasmic balance of FOXO1 is important for controlling protein
breakdown and preventing muscle atrophy (93).
The canonical pathway for activating AKT kinase activity by IGF1/insulin
begins with IGF1/insulin activating the IGF1/ insulin receptors, causing receptor
autophosphorylation and phosphorylation of Insulin Receptor Substrate 1 (IRS1),
resulting in activation of Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and the
consequent production of PIP3 in the plasma membrane. AKT binds to plasma
membrane PIP3 together with Pyruvate Dehydrogenase Kinase 1 (PDK1), which
phosphorylates AKT at Thr308, and mechanistic target of rapamycin kinase complex 2
(MTORC2), which phosphorylates AKT at Ser473, resulting in full AKT kinase
activation. Among many additional actions, activated AKT phosphorylates FOXO1,
promoting net loss of Foxo1 from muscle fiber nuclei in response to IGF1 and/or
insulin.
Using FOXO1–GFP expressed in primary cultured living adult skeletal
54

muscle fibers studied by time-lapse fluorescence confocal imaging, we first show
that AKT, but not PI3K, is necessary for the rapid and pronounced nuclear efflux of
FOXO1– GFP in response to either IGF1 or insulin in adult muscle fibers. We then
examine two PI3K-independent kinases: ACK1 (48) and ATM (94), for their possible
roles in the largely PI3K-independent nuclear efflux of FOXO1 in response to IGF1 or
insulin. Our novel results demonstrate that PI3K-independent pathways may play an
important role in the response of skeletal muscle to IGF1/insulin and thus have major
implications for insulin insensitivity, type 2 diabetes, and suppression of FOXO1mediated muscle protein breakdown and consequent muscle atrophy.

3.2 Experimental Procedures
3.2.1

Materials

The following materials were used: adFOXO1-GFP (gift from Dr. Joseph
Hill, UT Southwestern Medical Center), leptomycin B (LC Laboratories, Woburn,
MA, USA), IGF-1 (mouse, Sigma I8779), Akt inhibitor Akt-I-1,2 at 1 mM
(124017, Calbiochem, Billerica, MA, USA), PI3K inhibitors: BKM-120 at 10 mM
(2619-5, Biovision Inc., Milpitas, CA, USA), LY294002 at 25 mM (9901, Cell
Signaling), and wortmanin at 10 mM (W3144, Sigma); Ack1 inhibitors: GNF-7
(SML1501, Sigma) and AIM-100 at 2 mM (104833, Calbiochem); mTOR
inhibitor Torin1 at 1 mM (14379, Cell Signaling); ATM inhibitor: Ku55933
(SML1109, Sigma). NES- EGFP-PH-ARNO2G-I303Ex2 was a gift from Gerry
Hammond (Addgene plasmid no. 116868; RRID:Addgene_116868).
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3.2.2

FDB fiber preparation

Flexor digitorum brevis (FDB) skeletal muscle fibers were isolated from
adult (4–6 weeks old) female CD1 mice. All ani- mal procedures were carried out
according to protocols approved by the University of Maryland Institutional
Animal Care and Use Committee as previously described (52, 69, 70). Isolated FDB
muscle was digested in MEM containing collagenase type I (C0130, Sigma) at 2
mg/ml for 3 h at 37 °C. The fibers were then gently triturated with a small opening
glass pipette. Groups of individual dissociated fibers were plated into each chamber
of a four-chamber glass-bottomed dish (D35C4- 20-1-N, In Vitro Scientific). In the
case of live fiber experiments, we used dishes coated with laminin (23017-015,
Invitro- gen). The fibers were washed three times and cultured in serum-free MEM.

3.2.3

Adenoviral infection and electroporation

For adenoviral infection, 3.5 ml of purified adenovirus adFOXO1–GFP was
added to infect the fibers after plating on glass-bottomed dishes. The fibers were
incubated for 72 h following virus addition before imaging. Our laboratory has used
this adenovirus protocol extensively to express fluorescent GFP fusion constructs of
both FOXO1 (52, 71, 95) and other transcriptional regulators (52, 73, 96).
Electroporation for expression of exogenous cDNA for PH-ARNO-GFP in
FDB muscle fibers was carried out on anesthetized 4–6-week-old CD1 mice. The
hind foot was cleaned, and 20 ml of hyaluronidase (0.5 mg/ml) was injected
subcutaneously with a Hamilton syringe and sterile small- bore needle into each
hind foot. After 1 h, the animal was anesthetized again, and the hind foot was
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cleaned with alcohol. 20 ml of FOXO1–GFP cDNA is subcutaneously injected
subcutaneously in each hind foot. Sterile electrodes are placed in the skin at the heel
and toes. The field strength is set to 150 V/cm with 1-Hz, 20-ms pulse duration for
20 s. As early as 3 days later, FDBs are prepared according to the above protocol.
Muscle fibers are imaged 24–72 h after being plated in culture. This procedure is
widely used in the muscle field and has been used previously by us and other
laboratories (96, 97).

3.2.4

Western blotting experimental protocol

Isolated FDB muscle fibers were placed into 60-mm Petri dishes (P5481,
Sigma–Aldrich) in MEM with gentamycin and kept at 37 °C for 3 days. After
treatment as described for 90 min, the fibers were collected. The myofibers were
lysed with radioimmune precipitation assay buffer (Cell Signaling Technology,
9806S) supplemented with a protease/phosphatase inhibitor (A32961, Invitrogen)
with sonication. Protein concentration was measured using a BCA protein assay
(Thermo Fisher Scientific). 60 mg of protein were loaded and separated in 4–12%
gradient gels and then transferred to a nitrocellulose membrane. The membranes
were blocked in 5% milk and incubated overnight in primary AKT antibody (9272,
1:200; Cell Signaling Technology) or phospho-AKT Ser473 antibody (9271, 1:200;
Cell Signaling Technology). The membranes were visualized after incubation with
horseradish peroxidase–conjugated rabbit antibodies and ECL substrate (Thermo
Fisher Scientific). Ponceau S staining was performed to ensure proper loading and
protein transfer. The bands were quantified using ImageJ (National Institutes of
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Health).

3.2.5

Confocal fluorescence imaging of FOXO1-GFP or PH-ARNO-GFP, and
experimental protocol

Cultured myofibers were isolated 3 days prior to the experiment and transduced to
express FOXO1–GFP or 1 day prior to the experiment if from mice electroporated with
NES- EGFP-PH-ARNO2G-I303Ex2. Non-transduced fibers or fibers from
nonelectroporated mice showed negligible fluorescence, so measured fluorescence
images represent FOXO1–GFP or NES-EGFP-PH-ARNO2G-I303Ex2. A fourcompartment dish was used to enable simultaneous imaging of four distinct conditions
(Figs. 3.1A and 3.2A). The dish of cultured fibers was removed from the incubator and
was placed on an Olympus IX70 inverted microscope equipped with Olympus FLUOVIEW 500 laser scanning confocal microscope imaging system as previously described
(52). The excitation wavelength was 488 nm with a 505-nm long-pass emission filter to
monitor the FOXO1–GFP or NES-EGFP-PH-ARNO2G- I303Ex2 fluorescence. In the
case of FOXO1–GFP experiments, each compartment was washed with L-15 and allowed
to stabilize for 30 min prior to the experiment while striated, and intact fibers were
selected for imaging (Figs. 3.1A and 3.2A, first column shows transmitted light images).
The selected muscle fibers were then imaged at 15-min intervals (Fig. 3.1A). The first
image was taken at time 0 min (which is 30 min after L-15). Note that the images may
contain multiple nuclei within the same multinucleate individual skeletal muscle fiber
(Fig. 3.1A). For these experiments, no more than two nuclei were used in analysis for
each fiber. For NES-EGFP-PH-ARNO2G- I303Ex2 experiments, each compartment was
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washed with L- 15 and allowed to stabilize for 30 min prior to the experiment while
striated, and intact fibers were selected for imaging. The selected muscle fibers were then
imaged at 2-min intervals. The first image was taken at time 0 min (which is 30 min after
L-15).

3.2.6 Fluorescence image analysis
For quantification (Fig. 3.1B), the mean pixel fluorescence was determined for
nuclei (N) and for a large cytoplasmic (C) area devoid of nuclei and corrected for
background using Image J software (National Institutes of Health, Bethesda, MD).
The mean pixel fluorescence over a given area is proportional to the
concentration of FOXO1–GFP within that area. The N and C values for each
nucleus at each time point were used to give a nuclear/cytoplasmic ratio of
FOXO1–GFP (N/C). Because the cytoplasmic volume is much larger than the
nuclear volume in muscle fibers, C remains constant when N changes significantly
because of nucleocytoplasmic movements of FOXO1–GFP, and the N/C ratio
effectively represents a calculation to normalize for differences in expression of
FOXO1–GFP. We calculate N/C as a function of time for each nucleus from
images acquired at 15-min intervals to monitor changes over time with or without
the addition of various agents. To account for variability in FOXO1
nucleocytoplasmic distribution and fluxes between fibers (98), our N/C time course
data for each nucleus was normalized to the N/C value in the same fiber at the 15min time, a time point at which all fibers are still under control conditions. For
comparing different treatments at a given time point, mean values of
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nonnormalized N/C from multiple nuclei and fibers were used. For the NES-EGFPPH-ARNO2G- I303Ex2 experiments, we used Fourier analysis to monitor the
change in the striated fluorescence pattern of the fibers in response to IGF or
insulin application. Here muscle fiber images were aligned horizontally, and
ImageJ Fast Fourier Transform was used on the image at different time points to
generate a Fourier transform of the image. These generated images were analyzed
by measuring the intensity of the pixels on the Fourier transform that represent the
repeating spatial frequency of the fluorescence across the two-dimensional space of
the image.

3.2.7

Statistics

The values presented in the time-course graphs of N/C are means 6 S.D., whereas values
for 90-min N/C graphs are individual data points 6 S.D. Student’s t test was used to
determine the significance of difference. In all figures, p <0.05 was considered
significant.

3.3 Results
3.3.1

Inhibition of AKT increases nuclear Foxo1 under control conditions
In muscle fibers, changes in FOXO1 nuclear/cytoplasmic distribution reflect

small differences in relatively large nuclear influx and nuclear efflux of FOXO1
(52, 71). As previously described (52), under our control condition of serum-free
medium with no added drugs, hormones, or growth factors, FOXO1–GFP nuclear
fluorescence remained roughly constant (indicating flux balance) or increased
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slightly (indicating slight excess of influx over efflux) over the 2-h course of
observation (Fig. 3.1, A, top row, and B, black circles and black line). FOXO1
nucleocytoplasmic distribution is regulated by FOXO1 phosphorylation status, and
AKT is a major kinase phosphorylating FOXO1. Consistent with AKT regulation
of Foxo1 distribution, adding AKT-I VIII (1 mM), an inhibitor of both AKT1 and
AKT2, shortly after the 15-min time point caused a robust increase in nuclear
FOXO1–GFP fluorescence (Fig. 3.1, A, second row, and B, black squares and
black line) compared with the control (above), confirming the involvement of AKT
in promoting FOXO1 nuclear exclusion under control conditions in our adult fiber
culture system.
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Figure 3.1 Inhibition of AKT promotes net nuclear accumulation of FOXO1–GFP
under control conditions and completely blocks the dramatic IGF1-induced net
nuclear efflux of FOXO1–GFP.
A, representative fluorescent images of FOXO1–GFP in skeletal muscle fibers under
different conditions. The first column shows the fiber under transmitted light conditions
and the 10-mm scale bar that applies to all images in the figure. Each row shows the same
fiber at different times (top labels) during the experiment and illustrates a different
experimental condition (right side labels). Image intensity here and in Fig. 3.2 was
decreased at later times to avoid pixel saturation in the nuclei of FOXO1–GFP in samples
with AKT inhibition. Note that this has no effect on N/C values because it applies to the
entire image. B, time course experiment analysis of FOXO1–GFP N/C levels (average of
N/C values from images shown in A, plus others, normalized to the average N/C before
compounds were added) in the presence or absence of select compounds. For this and all
further time-course graphs, significance is denoted as follows: *, P < 0.05; **, P < 0.01.
Red asterisks correspond to red symbols, and black asterisks correspond to black
symbols. There were no added compounds in control (A, top row; B, solid black line).
AKT inhibitor VIII was added at 15 min (A, second and fourth rows; B, dashed lines).
IGF1 was added at 30 min (A, third and fourth rows; B, red lines). C, N/C (not
normalized) at the 90-min time point for each condition. Significance is denoted as
follows: *, P < 0.05; **, P < 0.02; ***, P,0.01 for this and all further 90-min time point
graphs.
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3.3.2

Inhibition of AKT prevents the dramatic FOXO1 nuclear efflux caused by
application of IGF1

Adding only IGF1 (13 nM) shortly after the 30-min time point to fibers in
another compartment of the same culture dish resulted in a robust rapid and almost
complete loss of nuclear FOXO1–GFP (Fig. 3.1, A, third row, and B, red circles
and red line), consistent with marked activation of FOXO1–GFP nuclear efflux as
we have previously reported (32, 52, 99). However, when the same addition of
IGF1 to another compartment was preceded by addition of AKT-I VIII, the loss of
nuclear FOXO1–GFP caused by IGF1 addition was completely eliminated (Fig.
3.1, A, bottom row, and B, red squares and red line), and the time course was
essentially the same as that observed when only AKT-I VIII was added by itself,
without any IGF1 (Fig. 3.1B, black line). Thus, the entire effect of IGF1 on FOXO1–
GFP nuclear efflux was mediated by AKT.
The values of the nuclear/cytoplasmic ratio of FOXO1–GFP (N/C, not
normalized) at 90 min clearly demonstrate the results of the different conditions
on nuclear FOXO1. The 90-min time point used here was the point 60 min after
IGF1 addition. Control fibers have a “final” N/C of ;2 (Fig. 3.1C, black circles).
Fibers treated with the AKT-I VIII in the absence or presence of IGF1 have a
higher FOXO1 N/C compared with control and are nearly identical to one
another (Fig. 3.1C, black and red squares). Finally, IGF treatment without any
inhibitor results in a FOXO1 N/C close to 0 (Fig. 3.1C, red circles). Thus,
inhibiting AKT fully prevented any effect of IGF1 on FOXO1–GFP nucleocytoplasmic distribution.
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3.3.3

Inhibition of PI3K increases nuclear FOXO1 under control conditions

The lipid kinase PI3K is an intermediate player in the canonical signaling
pathway (IGF1→PI3K→ AKT→FOXO1) leading from IGF1 application to AKT
activation, FOXO1 phosphorylation, and FOXO1 nuclear efflux, which corresponds
to a decrease (i.e. inhibition) of FOXO1 transcriptional activity in the muscle fiber
nuclei. We thus sought to determine the involvement of PI3K in the FOXO1
nucleocytoplasmic movements examined here. Fibers studied under the same
control conditions as in Fig. 3.1 again showed a gradual increase and stabilization
of nuclear FOXO1–GFP (Fig. 3.2, A, top row, and B, black circles and black line).
As was the case for inhibition of AKT under control conditions in Fig. 3.1B,
inhibition of PI3K under control conditions with BKM120 (10 mM), a novel PI3K
inhibitor, drives FOXO1–GFP into fiber nuclei (Fig. 3.2, A, second row, and B,
black squares and black line), again reaching considerably higher levels than seen in
control. The N/C (not normalized) values at time 90 min clearly demonstrate these
results.
Control fibers respond as in the previous experiment (Fig. 3.2C, black circles),
and treatment with the BKM120 alone causes a final N/C higher than control (Fig.
3.2C, black squares). This marked rise in nuclear FOXO1–GFP compared with
control indicates the efficacy of the PI3K inhibitor in our experimental context.
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Figure 3.2 Inhibition of PI3K promotes net nuclear accumulation of FOXO1–
GFP under control conditions but does not block the marked IGF1-induced net
nuclear efflux of FOXO1–GFP.
A, representative fluorescent images of FOXO1–GFP in skeletal muscle fibers under
different conditions. The first column shows the fiber under transmitted light conditions
and contains a 10-mm scale bar that applies to all images in the figure. Each row shows
the same fiber at different times (top labels) during the experiment and illustrates a
different experimental condition (right side labels). B, time course experiment analysis
of FOXO1–GFP N/C levels (average of N/C values from images shown in A, plus
others, normalized to the average N/C before compounds were added) in the presence
or absence of select compounds. C, N/C (not normalized) at the 90-min time point for
each condition. There were no added compounds in control (A, top row; B, solid black
line).
The PI3K inhibitor BKM120 was added at 15 min (A, second and fourth rows; B, dashed
lines). IGF1 was added at 30 min (A, third and fourth rows; B, red lines). NS, not
significant.
3.3.4

Inhibition of PI3K does not block the dramatic effect of IGF1 on FOXO1
nuclear efflux

We next examined whether blocking PI3K was sufficient to block the dramatic
effect of IGF on promoting FOXO1 nuclear efflux. As in Fig. 3.1, adding IGF1
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alone shortly after the 30-min time point again resulted in a nearly complete loss of
FOXO1– GFP in nuclei (Fig. 3.2, A, third row, and B, red circles and red line).
Unexpectedly, when the IGF1 addition was preceded by the addition of PI3K
inhibitor BKM120, FOXO1–GFP in nuclei still dropped rapidly (Fig. 3.2, A,
bottom row, and B, red squares and red line), following a similar time course as
when fibers were treated with IGF1 alone, without the inhibitor (Fig. 3.2B, red
line). This result was in complete contrast to the results from the AKT inhibitor
experiments (Figs. 3.1A, bottom row, and 1B, red line), where application of Akt
inhibitor completely eliminated the effects of IGF1 on FOXO1–GFP
nucleocytoplasmic distribution. However, the IGF1-induced decrease of nuclear
FOXO1–GFP in the presence of BKM120 was slightly delayed compared with the
response in the absence of the inhibitor, consistent with a small contribution of
PI3K to the observed IGF1 induced FOXO1–GFP nuclear efflux. The N/C values
(not normalized) at time 90 min clearly demonstrate these results. Treatment with
IGF1 alone results in an N/C close to 0 (Fig. 3.2C, red circles), and similarly,
treatment with both the PI3K inhibitor and IGF1 also leads to an N/C close to 0
(Fig. 3.2C, red squares). Here, PI3K inhibition caused nearly no change in the effect
of IGF1 on FOXO1–GFP nucleo- cytoplasmic distribution.
To ensure that this was not a particular effect of the PI3K inhibitor BKM120,
we utilized two other common inhibitors of PI3K: wortmannin (10 mM) and
LY294002 (25 mM). The results from these experiments (Fig. 3.3) mirrored results
with BKM120 (Fig. 3.2). The nuclear FOXO1–GFP of fibers under control
conditions remained approximately constant or increased gradually over the course
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of the experiment (Fig. 3.3, A and B, black circles and black line). Use of either
PI3K inhibitor, LY294002 or wortmannin, caused a more rapid increase of nuclear
FOXO1–GFP (Fig. 3.3, A and B, black squares and black line) compared with
control. Adding IGF1 alone caused a rapid loss of FOXO1–GFP in myofiber nuclei
(Fig. 3.3, A and B, red circles and red line). With the addition of either wortmannin
or LY294002 prior to IGF1 addition, the effect of IGF1 addition was nearly
unaffected (Fig. 3.3, A and B, red squares and red line) and the nuclear FOXO1–
GFP fluorescence over time looked almost identical to the IGF1-only N/C ratio (Fig.
3.3, A and B, red circles and red line). LY294002, but not wortmannin, caused a
slight but significant delay in the response to IGF1. A snapshot of individual fiber
N/C values at 90 min also demonstrate these results. These results demonstrate that
PI3K is not necessary for the effect of IGF1 on promoting rapid and nearly
complete FOXO1 nuclear exclusion.
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Figure 3.3 Inhibition of PI3K with alternate inhibitors does not block IGF1 effect
on FOXO1 localization.
A and B, time course experiment analysis of FOXO1–GFP N/C levels in the presence or
absence of select compounds. C and D, N/C (not normalized) at 90-min time point for
each condition. There were no added compounds in control (A and B, solid black line;
C and D, black circles). PI3K inhibitor, LY-294002 or wortmannin, was added at 15
min (A and B, dashed lines; C and D, black and red squares). IGF1 was added at 30 min
(A and B, red lines; C and D, red circles and squares). NS, not significant.
3.3.5

AKT inhibition blocks insulin effect on FOXO1 nuclear efflux, whereas
PI3K inhibition does not

Similarly, we tested whether the effect of insulin on FOXO1 localization could be
blocked through AKT or PI3K inhibition because insulin is also believed to activate the
same canonical PI3K/AKT pathway. As with IGF1, adding insulin alone shortly after the
30-min time point results in a dramatic decrease of nuclear FOXO1–GFP (Fig. 3.4A, red
circles and solid red line).
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AKT inhibition with AKT-I VIII either followed or not followed by the addition of
insulin results in a significant and robust increase in nuclear FOXO1–GFP and entirely
abolishes the FOXO1–GFP response to insulin (Fig. 3.4A, dashed lines). However, like
adding IGF1, adding insulin after the addition of PI3K inhibitor BKM120 still leads to
FOXO1–GFP decreasing rapidly in myofiber nuclei (Fig. 3.4B, red squares and dashed
red line). These results are reflected by the N/C values collected at 90 min. Treatment
with insulin alone results in a N/C value close to 0 (Fig. 3.4, C and D, red circles).
Treatment with AKT-I VIII (Fig. 3.4C, black or red squares) results in higher N/C
values compared with control in both the presence and the absence of insulin. Note that
an individual fiber had a particularly low response to AKT-I VIII treatment in the
absence of insulin. This kind of variability occurs frequently in myofibers, as we discuss
in a previous paper (95), and is commonly a result of low starting FOXO1– GFP nuclear
content. Removing this fiber results in significant difference between control and
inhibitor- treated fiber N/C values with a P value less than 0.02 (graph without fiber not
shown). Treatment with the PI3K inhibitor followed by insulin leads to an N/C level
close to 0 (Fig. 3.4D, red squares). These observations suggest that the signal from
insulin, like IGF, is relayed to AKT without involvement of PI3K.
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Figure 3.4 AKT inhibition blocks insulin effect on FOXO1 nuclear efflux, whereas
PI3K inhibition does not.
Shown is a time course experiment analysis of FOXO1–GFP N/C levels and N/C bar
graph (not normalized) at 90-min time point in the presence or absence of AKT
inhibitor (A) or PI3K inhibitor (B) with or without insulin. A and C, control (A, solid
black line; C, black circles) have no added compounds. AKT-I VIII was added at 15
min (A, dashed lines; C, squares). IGF was added at 30 min (A, red lines; C, red circles
and squares). PI3K inhibitor BKM120 was added at 15 min (B, dashed lines; D,
squares). Insulin was added at 30 min (B, red lines; D, red circles and squares). NS, not
significant.
3.3.6

PI3K inhibition does not prevent IGF1-induced AKT phosphorylation

The kinase activity of AKT is partially activated by phosphorylation of threonine
308, and full activation necessitates phosphorylation of serine 473. Next, we used
Western blotting to determine whether AKT phosphorylation at site Ser473 was
occurring. Western blotting experiments (Fig. 3.5A) demonstrate a major increase in
AKT phosphorylation at Ser473 upon addition of IGF1 under control conditions (Fig.
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3.5B, dark red bar). This effect is not suppressed by PI3K inhibitor BKM120 (Fig. 3.5B,
pink bar), confirming that AKT can be activated even in the presence of PI3K inhibitors.

Figure 3.5 PI3K inhibition does not prevent IGF1-induced AKT phosphorylation.
FDB samples were treated as control, with only IGF1, with only PI3K inhibition, or
with both IGF1 and PI3K inhibition. AKT phosphorylation at Ser473 (A, top left) and
total AKT (A, bottom left) were detected and quantified (B) under these conditions for
multiple samples (samples 1 and 2 are shown, each sample used four mice, total n = 12).
Phosphorylation of AKT at Ser473 is low under control and PI3K-inhibited conditions,
whereas treatment with IGF1, even in the presence of PI3K-inhibitior BKM120, results
in a strong increase in Ser473 phosphorylation.
3.3.7 PI3K inhibition is effective in the isolated adult muscle fiber system
We next verified the efficacy of the PI3K inhibitor BKM120 in skeletal muscle
fibers. Here we examined changes in the sub-sarcomeric localization of a PH domain
construct (100) to detect PIP3, a product generated when PI3K is activated. We used
NES-EGFP-PH-ARNO2G-I303Ex2 (hereafter referred to as PH-ARNO-GFP), a
construct that has been demonstrated to have a strong preference for PIP3 (100) to detect
both the activation of PI3K upon insulin application and inhibition of PI3K via BKM120.
Previous studies using this PH-ARNO-GFP construct have shown that it is not localized
at the t-tubules or fiber membrane during states of PI3K inactivation (98), but with
addition of insulin, it moves to the t-tubules and membrane of the cell,
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indicating PI3K activity leading to PIP3 generation at these muscle fiber external
membranes.
Here we tested the localization of PH-ARNO-GFP under various conditions.
Under control conditions, PH-ARNO-GFP was localized in a diffuse single sarcomeric
band, as seen in both the confocal image (Fig. 3.6A) and in the single band (I1) in the
Fourier transform of the image (Fig. 3.6, B and C). After treatment with insulin, PHARNO-GFP localizes to the TT membrane, forming a doublet pattern in the confocal
image (Fig. 3.6A) and a second, more lateral band (I2) in the Fourier trans- form (Fig.
3.6, B and C). Subsequent addition of the PI3K inhibitor BKM120 reverts the localization
of PH-ARNO-GFP to the pre-insulin state of the cell (Fig. 3.6, A–C). Utilizing BKM120
prior to insulin addition results in no movement of PH-ARNO- GFP on insulin addition
(Fig. 3.6, D–F). These results clearly demonstrate that PI3K is activated by insulin and
fully inhibited by BKM120 in these adult muscle fibers.
Figure 3.6 PI3K inhibition blocks insulin effect on subsarcomeric localization of the
PIP3 biosensor PH-ARNO-GFP.
A and D, fluorescent imaging of PH-ARNO-GFP expressing FDB fibers before
treatment (0 min), after initial treatment (insulin or BKM120 for 26 min) or after final
treatment (insulin + BKM120 for 20 min). Scale bar shown in 0 min images of A and D
apply to the following time point images. In A, a change in PH-ARNO localization is
visible from control to insulin treatment to insulin + BKM120 treatment. In D, addition
of BKM120 prior to insulin application prevents any translocation of PH-ARNO-GFP.
B and E, Fourier transform of images in A and D. The change in PH-ARNO-GFP
localization after insulin addition can be visualized via Fourier transform as an increase
in intensity at I2. C and F, quantification of Fourier transform band intensity at I1 and I2.
Band intensity at I2 changes dramatically in C 20 min after insulin addition; this
dramatic change is reversed and blocked with the use of BKM120. G, IGF1 has no
effect on PHARNO-GFP localization. Shown is the quantification of Fourier transforms
done on images of PH- ARNO-GFP electroporated FDB fibers imaged before treatment
(0 min), after initial treatment with IGF1 (IGF for 26 min) or after treatment with IGF1
and BKM120 (IGF + BKM120 for 20 min). Band intensity at I1 or I2 does not change
upon IGF1 addition.
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3.3.8

IGF1 does not activate PI3K in adult muscle fibers

Interestingly, application of IGF1 to fibers under control conditions causes
essentially no effect on PH-ARNO-GFP localization, either in the presence or absence of
PI3K inhibitor BKM120 (Fig. 3.6G), indicating that IGF1 alone does not increase PI3K
activation in adult muscle fibers. To verify that IGF1 was active in these fibers, another
group of fibers from the same muscle as in Fig. 3.7 were transduced to express F7
FOXO1–GFP (instead of PH-ARNO-GFP). Exposure of these fibers to IGF1 caused a
rapid loss of nuclear FOXO1–GFP as in the other fibers confirming IGF1 responsiveness
in these fibers. Thus, not only does IGF1 cause FOXO1 nuclear efflux (Fig. 3. 1), it
apparently does so without even activating PI3K (Fig. 3.6G). This is in contrast to
insulin, which does activate PI3K in muscle fibers, but such active PI3K is not needed for
AKT activation and FOXO1 nuclear efflux.
3.3.9

Inhibition mTORC2 does not block effects of IGF on FOXO1 translocation,
even when combined with PI3K inhibition

MTOR complex 1 and complex 2 can both be effectively inhibited using the MTOR
inhibitor, Torin1. As shown above (Figs. 3.1–3.3) nuclear FOXO1–GFP rises gradually
and stabilizes in fibers under control conditions (Fig. 3.7A, solid black line), here over
the course of 90 min. In fibers treated with MTOR inhibitor Torin1 (1 mM), nuclear
FOXO1–GFP increases over time (Fig. 3.7A, dashed black line) more than in control
fibers, demonstrating that MTORC contributes to FOXO1 nuclear efflux under control
conditions in our system. Under IGF1 treatment alone, a dramatic loss of nuclear
FOXO1–GFP occurs (Fig. 3.7A, solid red line). Similar to PI3K inhibition, MTOR
inhibition is unable to block the effect of IGF1 on nuclear FOXO1–GFP (Fig. 3.7A,
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dashed red line, overlapping with solid red line).
We next examined the effect of MTOR inhibition together with PI3K inhibition to
determine whether blocking both is sufficient to block the IGF1 effect on FOXO1– GFP
nuclear efflux. In this experiment, as before (Figs. 3.2 and 3.3), PI3K inhibition did not
alter the marked FOXO1–GFP nuclear efflux in response to IGF1. Inhibition of both
MTOR and PI3K caused an increase in nuclear FOXO1-GFP (Fig. 3.7B, dashed black
line) compared with inhibition of only PI3K (Fig. 3.7B, solid black line). Treatment with
PI3K inhibitor BKM120 prior to IGF1 did not prevent the IGF1-induced loss of nuclear
FOXO1–GFP (Fig. 3.7B, solid red line). Use of both the PI3K inhibitor and the MTOR
inhibitor Torin1 led to a dramatic increase of nuclear FOXO1– GFP (Fig. 3.7B, dashed
black line) compared with treatment with PI3K inhibitor alone (Fig. 3.7B, solid black
line). However, use of both inhibitors prior to IGF1 treatment did not prevent the rapid
and nearly complete loss of nuclear FOXO1–GFP after IGF1 addition (Fig. 3.7B,
dashed red line).
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Figure 3.7 Inhibiting MTORC1 and MTORC2 does not block effects of IGF1
on FOXO1 nuclear efflux in the presence or absence of PI3K inhibitor
BKM120.
A, time course experiment of FOXO1–GFP N/C levels in the presence or absence of
MTOR inhibitor, Torin, and IGF1. Control (solid black line) has no added compounds.
The MTOR inhibitor Torin1 was added at 15 min (dashed lines). IGF1 was added at 30
min (red lines). B, time course experiment of FOXO1–GFP N/C levels in the presence
of PI3K inhibition with or without the MTOR inhibitor Torin and IGF1. PI3K inhibitor
BKM120 was added to each condition at 15 min (all lines). Torin1 was added at 15 min
(dashed lines), and IGF1 was added at 30 min (red lines).
3.3.10 IGF1-induced FOXO1 nuclear efflux is partially regulated by ACK1
ACK1 is a kinase that can phosphorylate AKT (48,101-103) independently of PI3K.
First, we sought to determine the effects of ACK1 inhibition alone in the presence and
absence of IGF1. As expected, IGF1 causes a rapid drop in nuclear FOXO1–GFP (Fig.
3.8A, red circles and solid red line), whereas addition of ACK1-I prior to IGF1 is unable
to prevent the effects of IGF1 on FOXO1 translocation (Fig. 3.8A, red squares and
dashed red line). Interestingly, ACK1-I treatment alone has no effect compared with
control (Fig. 3.8A, black squares and dashed black line), unlike treatment with the PI3K
or MTORC inhibitors in the absence of IGF1. Also shown is the N/C (not normalized) at
the final time point. Control and ACK1 inhibition are both at similarly high levels of
N/C (Fig. 3.8B, black circles and squares). IGF1 causes an N/C close to 0 (Fig.
3.8B, red circles), and the combination of the ACK1 inhibitor and IGF1 also
76

results in an N/C close to 0 (Fig. 3.8B, red squares).

Figure 3.8 Inhibition of only ACK1, a PI3K-independent activator of AKT, has
no effect on FOXO1–GFP compared with control or in the presence of IGF1.
A, time course experiment of FOXO1–GFP N/C levels in the presence or absence of
the ACK1 inhibitor AIM100 and IGF. B, bar graph of N/C (not normalized) at the 90min time point. Control (A, solid black line; B, black circles) has no added
compounds. The ACK1 inhibitor AIM100 was added at 15min (A, dashed lines; B,
squares). IGF1 was added at 30 min (A, red lines; B, red circles and squares). NS, not
significant.
We next sought to determine whether the combined inhibition of ACK1 and PI3K
would be sufficient to block IGF1- induced FOXO1 translocation. Control fibers (treated
as previously) exhibited a small rise of FOXO1–GFP N/C with time (Fig. 3.9A, solid
black line). The combination of BKM120 (10 mM), a PI3K inhibitor, and AIM-100 (2
mM), an ACK1 inhibitor, caused a slight increase in FOXO1–GFP N/C compared with
control (Fig. 3.9A, dashed black line).
Addition of IGF1 alone caused a rapid loss of FOXO1–GFP in myofiber nuclei (Fig.
3.9A, solid red line). In contrast, 15-min pre-exposure to both the ACK1 and PI3K
inhibitors caused a considerable delay (~40 min) in the half-time of the decrease in
FOXO1–GFP N/C when IGF1 was added (Fig. 3.9A, dashed red line) compared with the
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case in previous experiments in which IGF1 was added after PI3K inhibition alone.
However, the IGF1 effect on FOXO1– GFP was not entirely blocked, and nuclear
FOXO1–GFP eventually approached a very low level at the end of the recording,
although this response was greatly delayed.
We then performed an experiment utilizing inhibitors against ACK1, PI3K, and
MTOR (Fig.3. 9B). In this protocol each condition included PI3K inhibitor BKM120.
Fibers treated with the PI3K inhibitor alone had a gradual increase in FOXO1– GFP N/C
followed by a slight decline (Fig. 3.9B, solid black line), as seen previously. The addition
of all three inhibitors shortly after the 15-min mark resulted in a rapid rise of FOXO1–
GFP in the nuclei (Fig. 3.9B, dashed black line) compared with PI3K inhibition alone.
The addition of IGF1 in the presence of only the PI3K inhibitor caused a rapid loss of
FOXO1–GFP in fiber nuclei (Fig. 3.9B, solid red line) as seen in previous experiments.
In contrast, addition of IGF1 in the presence of all three inhibitors was followed by an
initial modest increase in FOXO1–GFP N/C. The initial rise was followed after a delay
by an eventual marked decline in nuclear FOXO1–GFP in response to IGF1 in the
presence of all three inhibitors (Fig. 3.9B, dashed red line). The half- time of decline in
nuclear FOXO1–GFP caused by IGF1 addition in the presence of the three inhibitors was
delayed by ~40 min compared with the response of fibers that received IGF1 in the
presence of the PI3K inhibitor alone (Fig. 3.9B, solid red line). Examination of the N/C at
the 90-min time point clearly demonstrates the effect the combination of inhibitors has on
FOXO1–GFP translocation in the presence and absence of IGF1. IGF1 treatment alone
caused a drop of nuclear FOXO1– GFP to close to 0 N/C (Fig. 3.9, C, red circles, and D,
red circles), whereas the combination of PI3K-I and ACK1-I slows down the effect of
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IGF1 such that at 90 min the FOXO1–GFP N/C is ~1 (Fig. 3.9C, red squares). The
combination of three inhibitors causes a stronger effect. Treatment with the PI3K-I,
ACK1-I, and MTOR-I plus IGF1 led to a N/C level of ~2 despite the effects of IGF1 on
FOXO1–GFP translocation (Fig. 3.9D, red squares). These results indicate that ACK1 is
a player in the IGF1-induced FOXO1 translocation pathway, as well as that there are
other actors present in the pathway that we have yet to account for.
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Figure 3.9 Combined inhibition of PI3K, MTOR, and ACK1 partially blocks
IGF1 effect on FOXO1–GFP nuclear efflux.
A and C, time course experiment and N/C bar graph (not normalized) at 90-min
time point using an ACK1 inhibitor (AIM100), a PI3K inhibitor (BKM120), and
IGF1.
Control (A, solid black line; C, black circles) has no added compounds. PI3K inhibition
and ACK1 inhibition (A, dashed lines; C, squares). IGF1 was added at 30min (A, red
lines; C, red circles and squares). B and D, time course experiment and N/C bar graph
(not normalized) at the 90-min time point using ACK1 inhibitor (AIM100), PI3K
inhibitor (BKM120), MTOR inhibitor (Torin1), and IGF1. Control (B, solid black line;
D, black circles) has no added compounds. PI3K inhibition, ACK1 inhibition, and
MTOR inhibition (B, dashed lines; D, squares) are shown. IGF1 was added at 30 min
(B, red lines; D, red circles and squares). NS, not significant.
3.3.11 IGF1-induced FOXO1 nuclear efflux is also partially mediated by the
kinase ATM
ATM is another kinase that can activate AKT independently of PI3K (94) and is
present in muscle. First, we sought to deter- mine the effects of inhibition of ATM in the
presence and absence of IGF1. As expected, IGF1 causes a rapid drop in nuclear
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FOXO1–GFP (Fig. 3.10A, red circles and solid red line). The addition of ATM inhibitor
Ku55933 prior to IGF1 is unable to prevent the effects of IGF1 on FOXO1 translocation
(Fig. 3.10A, red squares and dashed red line). Treatment with ATM-I alone, without
IGF1, has an effect similar to PI3K and MTOR inhibitors compared with control (Fig.
3.10A, black squares and dashed black line), causing an increase in N/C of FOXO1–GFP
compared with control. At the 90-min time point, compared with control (Fig. 3.10B,
black circles), the inhibitor Ku55933 significantly increases FOXO1–GFP N/C (Fig.
3.10B, black squares).
However, treatment with Ku55933 prior to IGF1 addition (Fig. 3.10B, red squares)
results in FOXO1–GFP N/C values similar to treatment with IGF1 alone (Fig. 3.10B, red
circles).

Figure 3.10 Inhibition of ATM, a PI3K-independent activator of AKT, promotes
FOXO1–GFP nuclear accumulation compared with control but is unable to
block the IGF1 effect on FOXO1–GFP nuclear efflux.
A, time course experiment of FOXO1–GFP N/C levels in the presence or absence of
ATM inhibitor KU55933 and IGF1. B, bar graph of N/C (not normalized) at the 90-min
time point. Control (A, solid black line; B, black circles) has no added compounds.
ATM inhibitor KU55933 was added at 15 min (A, dashed lines; B, squares). IGF1 was
added at 30 min (A, red lines; B, red circles and squares). NS, not significant.
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We then performed an experiment utilizing inhibitors against ACK1, ATM, PI3K,
and MTOR (Fig. 3.11A). Control fibers showed a minimal increase in FOXO1–GFP
N/C followed by a steady state N/C (Fig. 3.11A, solid black line), as seen previously. The
addition of all four inhibitors shortly after the 30-min mark resulted in a rapid rise of
FOXO1–GFP in the nuclei (Fig. 3.11A, dashed black line) compared with control. The
addition of IGF1 alone caused a loss of FOXO1–GFP in fiber nuclei (Fig. 3.11A, solid
red line) as seen in previous experiments. The addition of IGF1 in the presence of all four
inhibitors was followed by an initial increase in FOXO1–GFP N/C. The initial rise was
followed after a delay by an eventual decline in nuclear FOXO1–GFP in response to
IGF1 in the presence of all four inhibitors (Fig. 3.11A, dashed red line). The decline in
nuclear FOXO1–GFP caused by IGF1 addition in the presence of the four inhibitors was
so delayed compared with the response of fibers that received IGF1 alone (Fig. 3.11A,
solid red line) that the half-time of decay was not reached by the end of the experiment
(Fig. 3.11A, dashed red line). At 90 min, when IGF1 alone has a strong effect (Fig.
3.11B, red circles) compared with control (Fig. 3.11B, black circles), treatment with the
four inhibitors BKM120, AIM100, Ku55933, and Torin1 before adding IGF1 is able to
significantly alter the effect of IGF1 on FOXO1–GFP.
The results in Fig. 3.11 indicate that ATM is also a player in the IGF1-induced
FOXO1 translocation pathway. In addition, there may be other actors present in the
pathway that we have yet to account for.
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Figure 3.11 Inhibition of PI3K, MTOR, ACK1, and ATM markedly suppresses
the effect of IGF1 on FOXO1–GFP translocation.
A, time course experiment using ACK1 inhibitor (AIM100), PI3K inhibitor (BKM120),
MTOR inhibitor (Torin1), ATM inhibitor (KU-55933), and IGF1. B, bar graph of N/C
(not normalized) at the 90-min time point. Control (A, solid black line; B, black circles)
has no added compounds. Inhibitors were added at 15 min (A, dashed lines; B, squares).
IGF1 was added at 30 min (A, red lines; B, red circles and squares). NS, not significant.
3.4 Discussion
Muscle atrophy–hypertrophy is believed to be regulated by the IGF1→PI3K→
AKT pathway. However, our present results demonstrate that each of three accepted
inhibitors of PI3K (BKM 120, LY294002, or wortmannin) are almost totally ineffective
on their own in blocking the pronounced IGF1- or insulin-induced nuclear exclusion of
FOXO1–GFP that we observe in adult skeletal muscle fibers in the absence of these
inhibitors. Previously, these same PI3K inhibitors have been shown to inhibit the effects
of IGF1 addition in other cell systems, including skeletal muscle cell lines (50, 99). Thus,
the effects of IGF1 on AKT activation and the resulting suppression of muscle atrophy
and promotion of muscle hypertrophy have been believed to be mediated via the IGF1 →
PI3K → AKT pathway. Indeed, this does appear to be the predominant pathway in
immature, developing, and regenerating muscle fibers, as well as in skeletal muscle cell
lines. However, this may not be the full signaling pathway operative in adult skeletal
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muscle (104), which is subject to disuse, aging, and disease-dependent atrophy.
Our study examines intermediate steps in signaling from IGF1 or insulin to AKT
in fully developed adult muscle fibers. Using intact individual skeletal muscle fibers
isolated from young adult mice, we find that the robust marked effect of IGF1 or insulin
of promoting rapid and pronounced nuclear efflux of FOXO1–GFP is almost fully
insensitive to the addition of any of the three PI3K inhibitors. Importantly, each of the
PI3K inhibitors was effective in increasing FOXO1–GFP nuclear influx in the absence of
both IGF1 and insulin (Fig. 3.12A), thus establishing that each inhibitor was effective as
used in our adult muscle fiber system.
Furthermore, studies with PH- ARNO-GFP demonstrated that the PI3K inhibitor
BKM120 was effective in fully blocking insulin-activated PH-ARNO- GFP redistribution
in muscle fibers (Fig. 3.6). These studies also showed that PI3K is not activated by IGF1
in these fibers (Fig. 3.6G). Thus, the small PI3K inhibitor contribution in slowing the
response to IGF1 (Figs. 3.2B and 3.3, A and B) must be from PI3K that is already active
in the control condition and that continues to be active when IGF1 is added. In addition,
in contrast to inhibiting PI3K (Figs. 3.2 and 3.3), inhibiting AKT fully eliminated the
IGF1- or insulin-induced nuclear efflux of FOXO1–GFP (Fig. 3.1), demonstrating that
the pathway from IGF1 addition to FOXO1–GFP nuclear exclusion was via AKT. Taken
together, our observations imply the presence of alternative signaling pathways from
IGF1 or insulin to AKT that are independent of PI3K (Fig. 3.12B). Our present results
show that the kinases ACK1 and ATM may at least partially contribute to the PI3Kindependent pathway from IGF1 to AKT.
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3.4.1

Revised model for FOXO1 regulation

Results from this study suggest two new PI3K-independent pathways, including the
involvement of either ACK1 or ATM in activation of AKT in the presence of IGF1 or
insulin. Here we show that under control conditions in the absence of IGF or insulin,
PI3K contributes strongly to the basal AKT activation, leadingto Foxo1 accumulation
innucleiwhen PI3Kisinhibited intheabsenceof IGF1 orinsulinaddition. (Fig. 3.12A). In
marked contrast, in the presence of IGF or insulin it appears that PI3K is at most only
partially responsiblefor AKT activation and that ACK1 and ATM, along with other
possible alternate mechanisms, also contribute to Akt activation and the resulting FOXO1
nuclear efflux (Fig. 3.12B).

Figure 3.12 Cartoon illustrating multiple signaling pathways whereby IGF1
or insulin leads to the activation of AKT and the consequent phosphorylation
and marked nuclear efflux of FOXO1.
A, in the absence of IGF1 or insulin, our results suggest that PI3K contributes strongly
to basal AKT activation under control growth factor– and hormone-free conditions. B,
in the presence of IGF1 or insulin, our results suggest that PI3K is not required for AKT
activation and that alternate mechanisms, including ACK1 and ATM, contribute to
insulin or IGF1-dependent AKT activation. Note that although not illustrated in B, only
insulin and not IGF1 causes PI3K activation.
Localization of FOXO1 to myofiber nuclei results in activation of atrogene
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transcription leading to protein breakdown and, thus, muscle atrophy. The localization of
FOXO1 is regulated through post-translational modifications. Phosphorylation by AKT
has previously been shown to cause a shift of FOXO1 to the cytoplasm of myofibers, and
thus regulation of this phosphorylation is of importance because it directly affects the
function of FOXO1. Here we demonstrate for the first time that IGF or insulin may
activate alternate kinases to PI3K that activate AKT and lead to FOXO1 phosphorylation.
This information on a parallel regulatory pathway of FOXO1 localization could lead to a
better understanding of FOXO1 regulation and possible avenues for muscle atrophy
therapy, as well as insulin insensitivity in diabetes.
3.4.2

AKT is necessary for IGF1-induced FOXO1 movement to the cytoplasm,
whereas PI3K is not

Phosphorylation of FOXO1 by AKT reduces FOXO1 localization to the nucleus
significantly. Here we show that AKT is necessary for IGF1-induced movement of
FOXO1 (Fig. 3.1) because inhibition of AKT fully eliminates the effect of IGF1 or
insulin on FOXO1 movement out of the nucleus. In contrast, our results suggest that
PI3K is not the only intermediate capable of activating AKT post-IGF1 or insulin
treatment (Figs. 3.2 and 3.3). Although PI3K inhibition leads to an increase of N/C
compared with control in the absence of IGF1, there is only a slight delay when treating
myofibers with IGF1 together with a PI3K inhibitor (Figs. 3.2 and 3.3, dashed red lines)
compared with treating myofibers with IGF1 alone (Figs. 3.2 and 3.3, solid red line).
Additionally, we show that insulin, a hormone that has overlapping interactions with
IGF1 receptors, also causes a rapid efflux of FOXO1–GFP out of the nuclei that is
blocked by AKT inhibition while being largely insensitive to PI3K inhibition (Fig. 3.4).
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These observations indicate that there are alternate pathways relaying the signal from
IGF1/insulin to AKT and, finally, FOXO1–GFP phosphorylation and efflux from
myofibers nuclei.

3.4.3

Although there are multiple candidate kinases for activating AKT
independently of PI3K in the presence of IGF1 or insulin, thus far only
ACK1 and ATM have shown an effect

MTORC2 exists in a positive feedback loop with AKT where AKT is able to
phosphorylate MTORC2 and then be phosphorylated by MTORC2. Here we confirm that
inhibiting only MTOR or both MTOR and PI3K is unable to prevent the effect of IGF1
on FOXO1 movement out of myofiber nuclei. Like PI3K inhibition alone, although
inhibition by either MTOR or both MTOR and PI3K causes a rise in N/C compared with
control (Fig. 3.7, dashed black lines) in the absence of IGF1, neither condition is
sufficient to block the effects of IGF1 (Fig. 3.7, dashed red lines) on FOXO1 localization.
This suggests that there are other kinases at play in activating AKT downstream of
IGF1.
Several kinases have been suggested as PI3K-independent catalysts of AKT activity.
Two of these kinases, ACK1 and ATM, have also been shown to respond to growth
factor treatment in other cells (48, 94). Although it has been shown that ACK1 and ATM
directly affect AKT and may lead to indirect activation of AKT, this study is the first in
investigating the impact of ACK1 and ATM on the IGF1- or insulin-induced FOXO1
efflux out of myofiber nuclei. Unlike the ATM, PI3K, AKT, or MTOR inhibitors, use of
ACK1 inhibition alone caused no difference to nuclear FOXO1–GFP compared with
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control. This suggests that ACK1 is not active in the absence of IGF1. The inability of
ACK1 inhibition to block the IGF1 effect on FOXO1–GFP (Fig. 3.8) indicates that PI3K
or other kinases are also involved in relaying the IGF1 signal to activate AKT. Use of an
ACK1 inhibitor or an ATM inhibitor in combination with PI3K inhibition and in
combination with both inhibition of PI3K and MTOR results in a marked delay and
subsequent slowing of the IGF1 activated FOXO1 nuclear efflux. This delay appears to
be further increased upon the combination of ACK1, ATM, PI3K, and MTOR inhibition.
These results indicate that ACK1 and ATM contribute strongly to the IGF1- induced
FOXO1 movement from the nucleus and that inhibition of ACK1 and ATM is sufficient
to partially block some of the IGF1 effect (Fig. 3.11). It is, however, apparent that there
are one or more alternate pathways at play in regulating AKT after IGF1 treatment. It is
note- worthy that inhibiting either only ATM (Fig. 3.10) or only PI3K (Figs. 3.2 and 3.3)
causes similar effects: an increase in FOXO1 nuclear accumulation in the absence of
added IGF1 and only slight or no
delay in the IGF1-induced pronounced nuclear efflux of FOXO1. Determining the
relative contributions of the various kinases to the overall IGF1-induced response
requires further studies. In addition, it would be highly interesting to determine how
atrogene expression, which is activated by nuclear FOXO1, is modulated by these various
pathways contributing to IGF1-stimulated AKT activation and FOXO1 nuclear efflux in
future studies.

3.4.4

Insulin/IGF1 signaling in myotubes and mature muscle fibers

The canonical pathway for activation of AKT by IGF1/insulin includes binding of
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IGF1 or insulin to the IGF1 and/or insulin receptor, activation of the lipid kinase PI3K,
PI3K- mediated phosphorylation of the plasma membrane lipid PIP2 to PIP3, and
movement of unphosphorylated AKT to PIP3- containing locations in the plasma
membrane where it is phosphorylated at Ser308 and Thr473 and thereby activated. A
classic paper, cited over 3,000 times, establishes that in L6 myotubes insulin strongly
activates AKT kinase activity and that this activation of AKT is completely blocked by
the presence of the PI3K inhibitor wortmannin (105). This clearly establishes that in the
L6 myotube system, AKT activation by insulin application requires PI3K. We do not
dispute the effectiveness of this pathway in L6 myotubes.
However, our results demonstrate that in adult skeletal muscle fibers under the
conditions of our studies, the activation of AKT-dependent FOXO1–GFP nuclear efflux
by insulin or IGF1 is essentially independent of whether or not PI3K is inhibited,
implying the existence of alternative pathways from insulin/IGF1 to AKT that do not
require PI3K. In contrast, AKT inhibitor VIII fully prevents the IGF1 or insulin effect on
FOXO1–GFP nuclear efflux, establishing the essential role of AKT in the pathway from
IGF1/insulin application to FOXO1–GFP nuclear efflux in adult muscle. We thus
conclude that in adult muscle fibers there are one or more parallel pathways from IGF1 or
insulin application to AKT activation that do not involve PI3K.
We hypothesize that these parallel pathways may not be active in L6 myotubes or
in other muscle fiber precursor model systems. However, the alternative possibility that
some difference in experimental conditions might have given rise to the differing results
in previous versus present experiments must also be entertained. This issue invites further
experimental investigation in future studies.
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3.5 Conclusion
Our results suggest that IGF1- or insulin-induced FOXO1 movement out of nuclei
in adult isolated skeletal muscle fibers is fully dependent on AKT but not on PI3K.
Furthermore, this requires that one or more alternate mechanisms are involved in IGF1induced AKT activation, and these mechanisms include, but are likely not limited to, the
kinases ACK1 and ATM. Further work is needed to determine alternate mechanisms that
are involved, but these findings alone may be useful in designing therapies for those
struggling with muscle atrophy or for better understanding the effects of treatments for
diseases like cancer that may induce muscle atrophy, as well as in diabetes.
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4. Overall conclusions and future directions
Muscle atrophy is associated with a variety of conditions, ranging from a sedentary
lifestyle or improper nutrition, to systemic diseases such as cancer or diabetes, to
something as inevitable as aging. Understanding the pathways that lead to skeletal
muscle protein breakdown could provide insight to mitigate muscle atrophy and
improve the quality of life for those who suffer from it. One such area we seek to better
understand is FOXO1, a transcription factor that activates the transcription of genes
involved in muscle atrophy.
In Chapter 2 we sought to examine nuclear flux variability of FOXO1 in muscle
fibers under various conditions. We measured FOXO1-GFP N/C over time while
treating muscle fibers with Leptomycin B (LMB) to block nuclear export. These
experiments demonstrated a high variability of both starting and ending FOXO1-GFP
N/C values (Figs. 2.1C and 2.1D). The use of LMB also allows for the calculation of
the apparent rate coefficient for nuclear influx (kI’) for FOXO1 from N/C values. The
N/C ratio before and after LMB addition and kI’ values for nuclei within the same fiber
are essentially identical, while these values were weakly correlated for nuclei from
different fibers within the same culture bath (Fig. 2.2). These results were also obtained
when observing nuclei far apart within the same fiber (Fig 2.4), and by measuring
endogenous FOXO1 with antibody staining (Fig. 2.3). These results have indicated the
nuclear influx of FOXO1 is largely affected by cytoplasmic factors and the status of
FOXO1 in the cell rather than nuclear factors or external conditions. By pooling N/C
ratios based on N/C values measured before LMB was added we can see how the
starting N/C time-course appears to affect the LMB-affected N/C time-course (Fig
2.5A-F), an observation further confirmed by a strong correlation between N/C just
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before LMB addition and kI’ (Fig.2.6A). Normalizing the N/C time-courses to the N/C
value just before LMB addition yields nearly identical records (Fig. 2.5G), revealing
FOXO1 nucleo-cytoplasmic distribution variability is determined by a singular factor.
The high correlation of N/C before addition of LMB and kI’, and lack of correlation
between N/C before addition of LMB and kE’ (Figs. 2.6 and 2.7) lead us to conclude
that the FOXO1 nuclear influx rate is important for determining the variability of
FOXO1 N/C distribution. FOXO1 phosphorylation via IGF1 is known to reduce
nuclear FOXO1, and using IGF1 we examined the role of FOXO1 phosphorylation
status on N/C variability. Indeed, IGF1 treatment appears to reduce variability in N/C
and kI’ by shifting all fibers into the low end of the “variability spectrum” seen in
control conditions (Fig. 2.8). Meanwhile, using the AKT inhibitor VIII is insufficient to
drive kI’ higher in all fibers (Fig. 2.9), implicating there are other factors involved in
determining the rate of FOXO1 nuclear influx than phosphorylation by AKT.
This novel approach for characterizing nuclear flux variability provides
invaluable information for any molecule moving between discrete locations (here
myofiber nuclei and cytoplasm) within a cell. Here, the study of multinucleate muscle
fibers gives us the opportunity to observe flux differences within fibers of nuclei at
close and far distances, as well as flux differences between fibers. While FOXO1 flux
and N/C time-courses are similar for nuclei within a single fiber, they are highly
variable between fibers despite being maintained in the same culture well. Our results
indicate this variability between nuclei in different fibers is a result of differences in
the apparent rate coefficient of FOXO1 nuclear influx (kI’) which can be reduced
through the application of IGF1.
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Future studies include investigating the role of phosphatases may play in
regulating nuclear influx/efflux since phosphatases such as the serine/threonine
phosphatase protein phosphatase 2 (PP2A) have been shown to directly
dephosphorylate FOXO1 (106).
Additionally, the role that post-translational modifications other than
phosphorylation play in regulating FOXO1 nucleo-cytoplasmic distribution could be
useful to examine.
In Chapter 3 we investigated kinases other than PI3K that may be responsible for
relaying the signal from IGF1 or Insulin to AKT activation and subsequent FOXO1
nuclear efflux. FOXO1 has three well conserved AKT phosphorylation sites (12, 27-29)
which regulate its nucleo-cytoplasmic distribution. Use of an AKT inhibitor is
sufficient to completely abrogate the effect of IGF1 or insulin on FOXO1 nuclear efflux
in muscle fibers (Figs. 3.1, 3.4A and C). Interestingly, inhibition of PI3K, a kinase well
known for activating AKT downstream of IGF1 or insulin, is insufficient to block the
effect of IGF1 or insulin on FOXO1 nuclear efflux (Figs. 3.2, 3.3, 3.4B and D). We
also find that inhibition of PI3K with inhibitor BKM120 is insufficient to prevent the
activation of AKT as indicated by phosphorylation at Ser473 after treatment of cultured
muscle fibers with IGF1 (Fig. 3.5). This indicates that there may be alternate pathways
relaying the signal from IGF1 or insulin to AKT activation. We used a novel PIP3
biosensor, PH- ARNO-GFP (100), to detect PI3K activity by measuring changes in
sub-sarcomeric localization in the sensor. We were able to detect both activation and
inhibition of PI3K under treatment with insulin (Fig. 3.6). We also observed that
treatment with IGF1 did not result in any effect on PH-ARNO-GFP leading us to
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conclude that at least in adult muscle fibers IGF1 does not activate PI3K (Fig 3.6), yet
still results in phosphorylation and activation of AKT (Fig. 3.5). Testing of inhibitors of
the kinases ACK1 and ATM reveal that alone they are insufficient to block the effect of
IGF1 on FOXO1 nuclear efflux (Figs. 3.8 and 3.10), while in combination with PI3K
inhibitor BKM120 and MTOR inhibitor Torin1 they demonstrate a significant delay on
the effect of IGF1 on FOXO1 nuclear efflux.
Our results suggest the signaling cascade initiated by IGF1 or insulin is mediated
by other kinases in addition to PI3K in mature muscle fibers but requires AKT. These
findings limit alternate kinases to PI3K for testing because they must lead to activation
of AKT. While the kinases ACK1 and ATM are evidently involved in this signal
cascade, there are likely more mechanisms involved as implicated by our inability to
fully inhibit the IGF1 effect on FOXO1 nuclear efflux. Future work remains to be done
investigating alternate kinases that may be involved. In addition, experiments utilizing
siRNAs, CRISPR, or other methods for blocking these kinases in a nonpharmacological manner should be done to rule out off-target effects that often occur
when using pharmacological inhibitors. Overall, our findings thus far could be useful in
designing therapies for muscle atrophy.
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Appendix 1: Mathematical Representation of Foxo1 Fluxes
Unidirectional fluxes and rate coefficients underlying Foxo1 nucleo-cytoplasmic
movements before and after LMB addition
Dephosphorylated cytoplasmic Foxo1 can enter the muscle fiber nuclei via the
nuclear import system, and phosphorylated nuclear Foxo1 can exit the nuclei via the
nuclear export system (54). As described previously (71) and repeated above, the net
rate of change of nuclear Foxo1-GFP (dN/dt) corresponds to the difference between the
rate of unidirectional nuclear influx, given by the product of apparent rate coefficient
for nuclear influx (kI’) and the cytoplasmic concentration C of Foxo1-GFP, and the
unidirectional rate of nuclear efflux, given by the product of apparent rate coefficient
for nuclear efflux (kE’) and the nuclear concentration N of Foxo1-GFP, so
dN ⁄ dt = kI’C – kE’N

(A1)

where the relative nuclear and cytoplasmic volumes are “embedded” in the rate
coefficients kI’ and kE’. We routinely use (49), and monitor experimentally here, the
ratio N/C. Since C is constant over time in each fiber (due to the much larger
cytoplasmic than nuclear volume; 49), dividing by C provides a normalization to
correct for different levels of Foxo1-GFP protein expression from fiber to fiber.
Dividing Eq. A1 by C, the rate of change of N/C is given by
d(N/C) ⁄ dt = kI’ ─ kE’(N/C)
In the steady state, d(N/C)/dt = 0, and N/C = kI’/kE’. The apparent rate
coefficients kI’ and kE’ depend on the fractional availability of cytoplasmic Foxo1 for
nuclear entry, and on the fractional availability of nuclear Foxo1 for nuclear efflux (68),
which in turn depend on the degree of Foxo1 phosphorylation, as well as on other
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(A2)

posttranslational modifications of Foxo1 respectively in the cytoplasm and nuclei,
which may change with time depending on experimental conditions. However, Eq. A2
is a general flux equation that is valid at any instant in time under any particular
conditions. We have previously considered the special case of assuming that kI’ and kE’
remain constant (in Eq. A2) over a particular time interval. Here we relax that
assumption and now evaluate the flux equation (Eq. A2) only at a particular instant in
time, namely the time of addition of LMB.

Determining values for the apparent rate coefficients kI’ and kE’
In the presence of a fully blocking concentration of LMB, kE’ is zero (i.e.,
nuclear efflux is completely suppressed). Under this condition, all Foxo1 entering a
nucleus is trapped within the nucleus, and the net rate of change of nuclear Foxo1
directly reveals the rate of Foxo1 unidirectional nuclear entry. In this case Eq. A2
becomes
d(N/C) ⁄ dtin LMB = kI’in LMB
where d(N/C)/dtin LMB is the slope of N/C versus time in LMB. Thus, the observed rate
of Foxo1-GFP nuclear influx in LMB (i.e., the rate of increase of N/C in LMB, as
measured here experimentally) directly provides a value for kI’in LMB. The linear rate of
increase of N/C observed in the presence of LMB establishes that kI’ was indeed
constant after the LMB addition.
Assuming kI’ to have the same value just before LMB application as in the
presence of LMB (i.e., kI’pre-LMB = kI’in LMB), which is a reasonable assumption since
LMB is not known to modify nuclear influx but to just inhibit nuclear efflux, we can use
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(A3)

the value of kI’in LMB (determined in the presence of LMB) to calculate the value of kE’
just before LMB using a rearranged form of Eq. A2
kE’pre-LMB = [kI’in LMB ─ d(N/C) ⁄ dtpre-LMB] ⁄ (N/C)pre-LMB

(A4)

which provides the equation used for calculating kE’ from the experimentally measured
values of slope of N/C in LMB (= kI’in LMB) and (N/C)pre-LMB, thus using LMB as a tool
to obtain these parameter values.
Under steady-state conditions, d(N/C)/dtpre-LMB = 0, and Eq. A4 simplifies to
kE’pre-LMB = kI’in LMB ⁄ (N/C)pre-LMB
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