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Muscle atrophy is regulated by the balance between protein
degradation and synthesis. FOXO1, a transcription factor, helps
to determine this balance by activating pro-atrophic gene tran-
scription when present in muscle fiber nuclei. Foxo1 nuclear
efflux is promoted by AKT-mediated Foxo1 phosphorylation,
eliminating FOXO1’s atrophy-promoting effect. AKT activation
can be promoted by insulin-like growth factor 1 (IGF1) or insu-
lin via a pathway including IGF1 or insulin, phosphatidylinositol
3-kinase, and AKT. We used confocal fluorescence time-lapse
imaging of FOXO1–GFP in adult isolated living muscle fibers
maintained in culture to explore the effects of IGF1 and insulin
on FOXO1–GFP nuclear efflux with andwithout pharmacologi-
cal inhibitors. We observed that although AKT inhibitor blocks
the IGF1- or insulin-induced effect on FOXO1 nuclear efflux,
phosphatidylinositol 3-kinase inhibitors, which we show to be
effective in these fibers, do not. We also found that inhibition of
the protein kinase ACK1 orATMcontributes to the suppression
of FOXO1 nuclear efflux after IGF1. These results indicate a
novel pathway that has been unexplored in the IGF1- or insulin-
induced regulation of FOXO1 and present information useful
both for therapeutic interventions for muscle atrophy and for
further investigative areas into insulin insensitivity and type 2
diabetes.

Skeletal muscle is essential for all voluntary and reflex move-
ment 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 (1). Loss of muscle mass
itself is associated with aging (2–4) or disuse (5, 6), from myop-
athies and muscular dystrophy, and from systemic disorders
such as diabetes (7), cancer (8, 9), and heart failure (10), where
it is associated with poor prognosis for these diseases (8, 9, 11).
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 mor-
bidity (12). Muscle atrophy, or loss of muscle mass, is charac-
terized 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 involved in muscle atrophy that is
regulated by both insulin and IGF1.

Both insulin and IGF1 play large and important roles in skel-
etal muscle. Interaction with insulin, IGF1, or hybrid insulin–
IGF1 receptors is key in the growth, differentiation, and home-
ostasis of skeletal muscle (13). Additionally, inactivation of
insulin and IGF1 receptors in skeletal muscle has been shown
to cause type 2 diabetes in mice (14). 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 (15). Four iso-
forms of FOXO exist in humans: FOXO1, FOXO3A, FOXO4,
and FOXO6, and all are expressed in skeletal muscle fibers
except FOXO6 (15). 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 (16–19). Additionally, up-regulation of either
FOXO1 or FOXO3A individually is capable of activating muscle
atrophy (18, 20). Here our study focuses on the FOXO1 isoform.
The phosphorylation status of FOXO1 dictates the localiza-

tion 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, when activated, phosphorylates FOXO1 on three con-
served sites (Thr24, Ser256, and Ser319) (21) in both cytoplasm
and nuclei (22). This phosphorylation causes the FOXO1 nu-
clear localization signal to be obscured, thus preventing nuclear
entry of FOXO1. AKT phosphorylation of FOXO1 within
nuclei results in FOXO1 unbinding DNA (23, 24), and with
recruitment of chaperone protein 14-3-3 and CRM1 and RAN
(24), the nuclear export signal (NES) is exposed, and FOXO1 is
transported out of the nuclei (25, 26). Upon dephosphorylation
of FOXO1 (27, 28), the nuclear localization signal is exposed,
and FOXO1 enters myofibers nuclei, binds DNA, and induces
transcription of pro-atrophic genes (21). Thus, the nuclear–
cytoplasmic balance of FOXO1 is important for controlling
protein breakdown and preventingmuscle atrophy (29).
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*For correspondence: Martin F. Schneider, mschneid@som.umaryland.edu.
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in activation of Phosphatidylinositol (3,4,5)-trisphosphate (PIP3)
and the consequent production of PIP3 in the plasmamembrane.
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, acti-
vated AKT phosphorylates FOXO1, promoting net loss of Foxo1
frommuscle fiber nuclei in response to IGF1 and/or insulin.
Using FOXO1–GFP expressed in primary cultured living

adult skeletal muscle fibers studied by time-lapse fluorescence
confocal imaging, we first show that AKT, but not PI3K, is nec-
essary 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 (30)
and ATM (31), for their possible roles in the largely PI3K-inde-
pendent 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 havemajor implications for insulin insen-
sitivity, type 2 diabetes, and suppression of FOXO1-mediated
muscle protein breakdown and consequentmuscle atrophy.

Results

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 (22, 27). As previously
described (27), under our control condition of serum-free me-
dium with no added drugs, hormones, or growth factors,
FOXO1–GFP nuclear fluorescence remained roughly constant
(indicating flux balance) or increased slightly (indicating slight
excess of influx over efflux) over the�2-h course of observation
(Fig. 1, A, top row, and B, black circles and black line). FOXO1
nucleocytoplasmic distribution is regulated by FOXO1 phos-
phorylation stratus, 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. 1,A, second
row, and B, black squares and black line) compared with the
control (above), confirming the involvement of AKT in pro-
moting FOXO1 nuclear exclusion under control conditions in
our adult fiber culture system.

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. 1, A, third row, and B, red circles and red
line), consistent with marked activation of FOXO1–GFP nu-
clear efflux as we have previously reported (13, 27, 36). How-
ever, 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 elimi-

nated (Fig. 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. 1B, black line). Thus, the entire effect of IGF1 on FOXO1–
GFP nuclear efflux wasmediated by AKT.
The values of the nuclear/cytoplasmic ratio of FOXO1–GFP

(N/C, not normalized) at 90min 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. 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. 1C, black and red
squares). Finally, IGF treatment without any inhibitor results in
a FOXO1 N/C close to 0 (Fig. 1C, red circles). Thus, inhibiting
AKT fully prevented any effect of IGF1 on FOXO1–GFP nucle-
ocytoplasmic distribution.

Inhibition of PI3K increases nuclear FOXO1 under control
conditions

The lipid kinase PI3K is an intermediate player in the canoni-
cal signaling pathway (IGF1 ! PI3K ! AKT FOXO1) leading
from IGF1 application to AKT activation, FOXO1 phosphoryl-
ation, 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 move-
ments examined here. Fibers studied under the same control
conditions as in Fig. 1 again showed a gradual increase and sta-
bilization of nuclear FOXO1–GFP (Fig. 2, A, top row, and B,
black circles and black line). As was the case for inhibition of
AKT under control conditions in Fig. 1B, inhibition of PI3K
under control conditions with BKM120 (10 mM), a novel PI3K
inhibitor, drives FOXO1–GFP into fiber nuclei (Fig. 2, A, sec-
ond row, and B, black squares and black line), again reaching
considerably higher levels than seen in control.
TheN/C (not normalized) values at time 90min clearly dem-

onstrate these results. Control fibers respond as in the previous
experiment (Fig. 2C, black circles), and treatment with the
BKM120 alone causes a final N/C higher than control (Fig. 2C,
black squares). This marked rise in nuclear FOXO1–GFP com-
pared with control indicates the efficacy of the PI3K inhibitor
in our experimental context.

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. 1, adding IGF1 alone shortly after the 30-min
time point again resulted in a nearly complete loss of FOXO1–
GFP in nuclei (Fig. 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. 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. 2B,
red line). This result was in complete contrast to the results
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Figure 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. 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.

Figure 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.

PI3K-independent activation of AKT in muscle

15294 J. Biol. Chem. (2020) 295(45) 15292–15306



from the AKT inhibitor experiments (Figs. 1A, bottom row, and
1B, red line), where application of Akt inhibitor completely
eliminated the effects of IGF1 on FOXO1–GFP nucleocyto-
plasmic 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 in-
hibitor, consistent with a small contribution of PI3K to the
observed IGF1 induced FOXO1–GFP nuclear efflux.
TheN/C values (not normalized) at time 90min clearly dem-

onstrate these results. Treatment with IGF1 alone results in an
N/C close to 0 (Fig. 2C, red circles), and similarly, treatment
with both the PI3K inhibitor and IGF1 also leads to an N/C
close to 0 (Fig. 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 in-

hibitor BKM120, we utilized two other common inhibitors of
PI3K: wortmannin (10 mM) and LY294002 (25 mM). The results
from these experiments (Fig. 3) mirrored results with BKM120
(Fig. 2). The nuclear FOXO1–GFP of fibers under control con-
ditions remained approximately constant or increased gradu-
ally over the course of the experiment (Fig. 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, 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, 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, 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,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.

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. 4A, red circles and solid red line).
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. 4A, dashed lines). How-
ever, like adding IGF1, adding insulin after the addition of PI3K
inhibitor BKM120 still leads to FOXO1–GFP decreasing rapidly
inmyofiber nuclei (Fig. 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. 4, C and D, red circles). Treatment with AKT-I VIII
(Fig. 4C, black or red squares) results in higherN/C values com-
pared with control in both the presence and the absence of in-
sulin. 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 (32), and is commonly a result of
low starting FOXO1–GFP nuclear content. Removing this fiber

Figure 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 andD, 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 30min (A and B, red lines; C and D, red circles and squares).NS, not significant.
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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. 4D, red
squares). These observations suggest that the signal from insu-
lin, like IGF, is relayed to AKTwithout involvement of PI3K.

PI3K inhibition does not prevent IGF1-induced AKT
phosphorylation

The kinase activity of AKT is partially activated by phos-
phorylation of threonine 308, and full activation necessi-
tates phosphorylation of serine 473. Next used Western
blotting to determine whether AKT phosphorylation at site
Ser473 was occurring. Western blotting experiments (Fig.
5A) demonstrate a major increase in AKT phosphorylation
at Ser473 upon addition of IGF1 under control conditions
(Fig. 5B, dark red bar). This effect is not suppressed by PI3K
inhibitor BKM120 (Fig. 5B, pink bar), confirming that AKT
can be activated even in the presence of PI3K inhibitors.

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 (37) 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 (37) to detect both the activa-
tion of PI3K upon insulin application and inhibition of PI3K via

BKM120. Previous studies using this PH-ARNO-GFP con-
struct have shown that it is not localized at the t-tubules or fiber
membrane during states of PI3K inactivation (38), but with
addition of insulin, it moves to the t-tubules and membrane of
the cell, 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. 6A) and in the single band (I1) in
the Fourier transform of the image (Fig. 6, B andC). After treat-
ment with insulin, PH-ARNO-GFP localizes to the TT mem-
brane, forming a doublet pattern in the confocal image (Fig.
6A) and a second, more lateral band (I2) in the Fourier trans-
form (Fig. 6, B and C). Subsequent addition of the PI3K inhibi-
tor BKM120 reverts the localization of PH-ARNO-GFP to the
pre-insulin state of the cell (Fig. 6, A–C). Utilizing BKM120
prior to insulin addition results in no movement of PH-ARNO-
GFP on insulin addition (Fig. 6, D–F). These results clearly
demonstrate that PI3K is activated by insulin and fully inhibited
by BKM120 in these adult muscle fibers.

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 inhibi-
tor BKM120 (Fig. 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. 7 were transduced to express
FOXO1–GFP (instead of PH-ARNO-GFP). Exposure of these

Figure 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.
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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. 1), it apparently does so without even activating PI3K
(Fig. 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.

Inhibiting 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. 1–3) nuclear FOXO1–GFP rises gradually and stabilizes
in fibers under control conditions (Fig. 7A, solid black line),
here over the course of 90min. In fibers treated withMTOR in-
hibitor Torin1 (1 mM), nuclear FOXO1–GFP increases over
time (Fig. 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. 7A, solid red line). Similar to PI3K inhibition,
MTOR inhibition is unable to block the effect of IGF1 on nu-
clear FOXO1–GFP (Fig. 7A, dashed red line, overlapping with
solid red line).
We next examined the effect of MTOR inhibition together

with PI3K inhibition to determinewhether blocking both is suf-
ficient to block the IGF1 effect on FOXO1–GFP nuclear efflux.
In this experiment, as before (Figs. 2 and 3), PI3K inhibition did
not alter the marked FOXO1–GFP nuclear efflux in response
to IGF1. Inhibition of bothMTOR and PI3K caused an increase
in nuclear FOXO1-GFP (Fig. 7B, dashed black line) compared
with inhibition of only PI3K (Fig. 7B, solid black line). Treat-
ment with PI3K inhibitor BKM120 prior to IGF1 did not pre-
vent the IGF1-induced loss of nuclear FOXO1–GFP (Fig. 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. 7B, dashed black line) compared with treatment with
PI3K inhibitor alone (Fig. 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. 7B, dashed red line).

IGF1-induced FOXO1 nuclear efflux is partially regulated by
ACK1

ACK1 is a kinase that can phosphorylate AKT (30, 39–41) in-
dependently 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. 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. 8A, red squares and dashed red
line). Interestingly, ACK1-I treatment alone has no effect com-
pared with control (Fig. 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. 8B, black circles and squares).
IGF1 causes an N/C close to 0 (Fig. 8B, red circles), and the
combination of the ACK1 inhibitor and IGF1 also results in an
N/C close to 0 (Fig. 8B, red squares).
We next sought to determine whether the combined inhibi-

tion of ACK1 and PI3K would be sufficient to block IGF1-
induced FOXO1 translocation. Control fibers (treated as previ-
ously) exhibited a small rise of FOXO1–GFP N/C with time
(Fig. 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. 9A, dashed black line). Addition of IGF1 alone
caused a rapid loss of FOXO1–GFP in myofiber nuclei (Fig. 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. 9A, dashed red line) compared with
the case in previous experiments in which IGF1was added after
PI3K inhibition alone. However, the IGF1 effect on FOXO1–
GFP was not entirely blocked, and nuclear FOXO1–GFP even-
tually 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, andMTOR (Fig. 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. 9B, solid black line),

Figure 5. PI3K inhibition does not prevent IGF1-induced AKT phosphorylation. FDB samples were treated as control, with only IGF1, with only PI3K inhi-
bition, 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.
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as seen previously. The addition of all three inhibitors shortly af-
ter the 15-min mark resulted in a rapid rise of FOXO1–GFP in
the nuclei (Fig. 9B, dashed black line) compared with PI3K inhibi-
tion alone. The addition of IGF1 in the presence of only the PI3K
inhibitor caused a rapid loss of FOXO1–GFP in fiber nuclei (Fig.
9B, solid red line) as seen in previous experiments. In contrast,
addition of IGF1 in the presence of all three inhibitors was fol-
lowed 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 pres-
ence of all three inhibitors (Fig. 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. 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. 9, C, red circles, and D, red circles),
whereas the combination of PI3K-I and ACK1-I slows down
the effect of IGF1 such that at 90 min the FOXO1–GFP N/C is
;1 (Fig. 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. 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.

Figure 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). Torin1was added at 15min (dashed lines), and IGF1 was added at 30min (red lines).

Figure 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 normal-
ized) at the 90-min time point. Control (A, solid black line; B, black circles) has no added compounds. The ACK1 inhibitor AIM100was added at 15min (A, dashed
lines; B, squares). IGF1 was added at 30min (A, red lines; B, red circles and squares).NS, not significant.

Figure 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
1 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 1 BKM120 treatment. In D, addition of BKM120 prior to insulin application prevents any transloca-
tion 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 PH-
ARNO-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 (IGF1 BKM120 for 20 min). Band intensity
at I1 or I2 does not change upon IGF1 addition.
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IGF1-induced FOXO1 nuclear efflux is also partially mediated
by the kinase ATM

ATM is another kinase that can activate AKT independently
of PI3K (31) and is present in muscle. First, we sought to deter-
mine the effects of inhibition of ATM in the presence and ab-
sence of IGF1. As expected, IGF1 causes a rapid drop in nuclear
FOXO1–GFP (Fig. 10A, red circles and solid red line). The addi-
tion of ATM inhibitor Ku55933 prior to IGF1 is unable to pre-
vent the effects of IGF1 on FOXO1 translocation (Fig. 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. 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. 10B, black circles), the in-
hibitor Ku55933 significantly increases FOXO1–GFP N/C
(Fig. 10B, black squares). However, treatment with Ku55933
prior to IGF1 addition (Fig. 10B, red squares) results in
FOXO1–GFP N/C values similar to treatment with IGF1
alone (Fig. 10B, red circles).
We then performed an experiment utilizing inhibitors

against ACK1, ATM, PI3K, and MTOR (Fig. 11A). Control
fibers showed a minimal increase in FOXO1–GFP N/C fol-
lowed by a steady state N/C (Fig. 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

Figure 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 30min (B, red lines; D, red circles and squares).NS, not significant.

Figure 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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nuclei (Fig. 11A, dashed black line) compared with control. The
addition of IGF1 alone caused a loss of FOXO1–GFP in fiber
nuclei (Fig. 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. 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. 11A, solid red line) that the
half-time of decay was not reached by the end of the experi-
ment (Fig. 11A, dashed red line). At 90 min, when IGF1 alone
has a strong effect (Fig. 11B, red circles) compared with control
(Fig. 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 Figs. 11 and 12 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.

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 in-
sulin-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 in-
hibit the effects of IGF1 addition in other cell systems, including
skeletal muscle cell lines (36, 42). 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, devel-
oping, and regenerating muscle fibers, as well as in skeletal mus-
cle cell lines. However, this may not be the full signaling pathway
operative in adult skeletal muscle (43), 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. 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. 6). These studies also
showed that PI3K is not activated by IGF1 in these fibers (Fig.
6G). Thus, the small PI3K inhibitor contribution in slowing the
response to IGF1 (Figs. 2B and 3, A and B) must be from PI3K
that is already active in the control condition and that contin-
ues to be active when IGF1 is added. In addition, in contrast to
inhibiting PI3K (Figs. 2 and 3), inhibiting AKT fully eliminated
the IGF1- or insulin-induced nuclear efflux of FOXO1–GFP
(Fig. 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. 12B). Our present results show that the kinases
ACK1 and ATM may at least partially contribute to the PI3K-
independent pathway from IGF1 to AKT.

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,
leading to Foxo1 accumulation in nuclei when PI3K is inhibited
in the absence of IGF1 or insulin addition. (Fig. 12A). Inmarked
contrast, in the presence of IGF or insulin it appears that PI3K
is at most only partially responsible for AKT activation and that
ACK1 and ATM, along with other possible alternate mecha-
nisms, also contribute to Akt activation and the resulting
FOXO1 nuclear efflux (Fig. 12B).

Figure 11. Inhibition of PI3K, MTOR, ACK1, and ATMmarkedly 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 30min (A, red lines; B, red circles and squares).NS, not significant.
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Localization of FOXO1 to myofiber nuclei results in activa-
tion of atrogene transcription leading to protein breakdown
and, thus, muscle atrophy. The localization of FOXO1 is regu-
lated through post-translational modifications. Phosphoryla-
tion 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 infor-
mation 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.

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

Phosphorylation of FOXO1 by AKT reduces FOXO1 localiza-
tion to the nucleus significantly. Here we show that AKT is neces-
sary for IGF1-induced movement of FOXO1 (Fig. 1) because in-
hibition 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 activat-
ing AKT post-IGF1 or insulin treatment (Figs. 2 and 3). Although
PI3K inhibition leads to an increase of N/C compared with con-
trol in the absence of IGF1, there is only a slight delay when treat-
ing myofibers with IGF1 together with a PI3K inhibitor (Figs. 2
and 3, dashed red lines) compared with treating myofibers with
IGF1 alone (Figs. 2 and 3, solid red line).
Additionally, we show that insulin, a hormone that has over-

lapping 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.
4). These observations indicate that there are alternate pathways

relaying the signal from IGF1/insulin to AKT and, finally,
FOXO1–GFP phosphorylation and efflux frommyofibers nuclei.

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 phospho-
rylated by MTORC2. Here we confirm that inhibiting only
MTOR or bothMTOR 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
bothMTOR and PI3K causes a rise in N/C compared with con-
trol (Fig. 7, dashed black lines) in the absence of IGF1, neither
condition is sufficient to block the effects of IGF1 (Fig. 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 treat-
ment in other cells (30, 31). 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
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. 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 combina-

tion with PI3K inhibition and in combination with both

Figure 12. Cartoon illustratingmultiple signaling pathways whereby IGF1 or insulin leads to the activation of AKT and the consequent phosphoryl-
ation 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.
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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. 11). It is, how-
ever, 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. 10) or only
PI3K (Figs. 2 and 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 contri-
butions 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.

Insulin/IGF1 signaling in myotubes and mature muscle fibers

The canonical pathway for activation of AKT by IGF1/in-
sulin includes binding of 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 acti-
vated. 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
(44). 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. How-
ever, our results demonstrate that in adult skeletal muscle fibers
under the conditions of our studies, the activation of AKT-de-
pendent FOXO1–GFP nuclear efflux by insulin or IGF1 is essen-
tially 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 differ-
ence 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.

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. Further-
more, this requires that one or more alternate mechanisms
are involved in IGF1-induced AKT activation, and these
mechanisms include, but are likely not limited to, the ki-
nases 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 strug-
gling 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.

Experimental procedures

Materials

The following materials were used: adFOXO1-GFP (gift
from Dr. Joseph Hill, UT SouthwesternMedical Center), lepto-
mycin B (LC Laboratories, Woburn, MA, USA), IGF-1 (mouse,
Sigma I8779), Akt inhibitor Akt-I-1,2 at 1 mM (124017, Calbio-
chem, 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).

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 (27, 45, 46).
Isolated FDB muscle was digested in MEM containing collage-
nase 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 experi-
ments, we used dishes coated with laminin (23017-015, Invitro-
gen). The fibers were washed three times and cultured in
serum-freeMEM.

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 fol-
lowing virus addition before imaging. Our laboratory has used
this adenovirus protocol extensively to express fluorescent GFP
fusion constructs of both FOXO1 (22, 27, 32) and other tran-
scriptional regulators (27, 33, 34).
Electroporation for expression of exogenous cDNA for

PH-ARNO-GFP in FDB muscle fibers was carried out on
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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 cleaned with alco-
hol. 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 laborato-
ries (34, 35).

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 Tech-
nology, 9806S) supplemented with a protease/phosphatase in-
hibitor (A32961, Invitrogen) with sonication. Protein concen-
tration 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. Themembranes were blocked in 5%milk and incu-
bated overnight in primary AKT antibody (9272, 1:200; Cell
Signaling Technology) or phospho-AKT Ser473 antibody (9271,
1:200; Cell Signaling Technology). Themembranes were visual-
ized 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 Health).

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

Cultured myofibers were isolated 3 days prior to the experi-
ment and transduced to express FOXO1–GFP or 1 day prior
to the experiment if from mice electroporated with NES-
EGFP-PH-ARNO2G-I303Ex2. Nontransduced fibers or fibers
from nonelectroporated mice showed negligible fluorescence,
so measured fluorescence images represent FOXO1–GFP
or NES-EGFP-PH-ARNO2G-I303Ex2. A four-compartment
dish was used to enable simultaneous imaging of four distinct
conditions (Figs. 1A and 2A). The dish of cultured fibers was
removed from the incubator and was placed on an Olympus
IX70 inverted microscope equipped with Olympus FLUO-
VIEW 500 laser scanning confocal microscope imaging sys-
tem as previously described (27). The excitation wavelength
was 488 nm with a 505-nm long-pass emission filter to moni-
tor 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. 1A and 2A, first column

shows transmitted light images). The selected muscle fibers
were then imaged at 15-min intervals (Fig. 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. 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 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 inter-
vals. The first image was taken at time 0 min (which is 30 min
after L-15).

Fluorescence image analysis

For quantification (Fig. 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 whenN changes significantly
because of nucleocytoplasmic movements of FOXO1–GFP,
and the N/C ratio effectively represents a calculation to nor-
malize for differences in expression of FOXO1–GFP.We calcu-
late 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 vari-
ability in FOXO1 nucleocytoplasmic distribution and fluxes
between fibers (38), our N/C time course data for each nucleus
was normalized to the N/C value in the same fiber at the 15-
min 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 nonnormalized N/C frommultiple nuclei
and fibers were used. For the NES-EGFP-PH-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.

Statistics

The values presented in the time-course graphs of N/C are
means6 S.D., whereas values for 90-min N/C graphs are indi-
vidual data points6 S.D. Student’s t test was used to determine
the significance of difference. In all figures, p , 0.05 was con-
sidered significant.
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