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IGF-I concentration determines
cell fate by converting signaling
dynamics as a bifurcation
parameter in L6 myoblasts

Ryosuke Okino®4%, Kazuaki Mukai®1°, Shunpei Oguril, Masato Masuda??,
Satoshi Watanabe?, Yosuke Yoneyamal“, Sumine Nagaosa?, Takafumi Miyamoto’%5,
Atsushi Mochizuki®, Shin-Ichiro Takahashi® & Fumihiko Hakuno%%*

Insulin-like growth factor (IGF)-1 mediates long-term activities that determine cell fate, including
cell proliferation and differentiation. This study aimed to characterize the mechanisms by which
IGF-I determines cell fate from the aspect of IGF-I signaling dynamics. In L6 myoblasts, myogenic
differentiation proceeded under low IGF-I levels, whereas proliferation was enhanced under high
levels. Mathematical and experimental analyses revealed that IGF-I signaling oscillated at low IGF-I
levels but remained constant at high levels, suggesting that differences in IGF-I signaling dynamics
determine cell fate. We previously reported that differential insulin receptor substrate (IRS)-1 levels
generate a driving force for cell competition. Computational simulations and immunofluorescence
analyses revealed that asynchronous IRS-1 protein oscillations were synchronized during
myogenic processes through cell competition. Disturbances of cell competition impaired signaling
synchronization and cell fusion, indicating that synchronization of IGF-I signaling oscillation is critical
for myoblast cell fusion to form multinucleate myotubes.

Keywords Insulin-like growth factor-I, Signaling dynamics, Signaling oscillation, Cell competition, L6
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Insulin-like growth factor-I (IGF-I) is an anabolic hormone with a structure similar to proinsulin'. Insulin medi-
ates acute metabolic functions, including glucose uptake in skeletal muscles and adipose tissues, whereas IGF-I
mediates long-term actions that determine cell fate, including cell growth, differentiation, and cell survival®.
However, it is unclear how IGF-I promotes cell proliferation and differentiation, which appear to have opposite
bioactivities.

Skeletal muscle development is mediated by stem cells called satellite cells. Satellite cells proliferate and acti-
vate into myoblasts in response to physical stimuli or growth signaling®. IGF-I is essential for promoting satellite
cell proliferation and activation into myoblasts*-®. Owing to this activity, muscle-specific IGF-I transgenic mice
showed myofiber hypertrophy’. Contrarily, IGF-I receptor null mutant mice showed decreased muscle mass®. In
the rat L6 myoblast cell line, IGF-I has also been shown to play critical roles in both myoblast differentiation and
proliferation®'2. IGF-I stimulation induces cell growth'?, and in the absence of IGF-1, myogenic differentiation
into myotubes does not occur. Moreover, adding an inhibitor of the p85 phosphatidylinositol 3-kinase (PI3K),
one of the main IGF-1 signaling pathways blocks both IGF-I-induced proliferation and differentiation'. Thus, the
IGF-T hormone and its signaling activity are essential for both muscle proliferation and differentiation. Florini
et al. showed a biphasic relationship between the concentration of IGF-I and the differentiation of L6 myoblasts.
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Muscle differentiation was not induced without IGF-I but inhibited at high concentrations'®. However, the dif-
ferences in IGF-I signaling activity during muscle differentiation and proliferation are unknown.

Generally, after binding to specific receptors on the plasma membrane, IGF-I activates its intrinsic tyros-
ine kinase activity'®". The activated receptors phosphorylate several intracellular substrates, including insulin
receptor substrates (IRSs)'®. Tyrosine phosphorylation of IRSs leads to their binding to several intermediate
signaling molecules containing Src homology 2 domains, including PI3K regulatory subunit and Grb2. Subse-
quently, signaling pathways, such as the PI3K and Ras-MAPK cascades, are activated'*-?!. Accumulated data
indicate that activation of these pathways is required for IGF-I bioactivity. In particular, activated PI3K generates
phosphatidylinositol-3,4,5-triphosphate, leading to the activation of Ser/Thr kinase Akt. Activated Akt then
activates the mechanistic target of rapamycin complex 1 (mTORCI) via phosphorylation-mediated suppression
of the tuberous sclerosis complex protein complex, which inhibits the small GTPase, Rheb, an essential activator
of mTORCI. The mTORCI1 regulates many activities of IGF-I by phosphorylating distinct substrates, including
S6 kinase 1, to regulate protein translation, autophagy, and cell growth.

Furthermore, the downregulation mechanism of the IGF-I signaling pathway has been extensively studied.
Some studies have reported that IRS-1, an IRS family protein, is degraded by IGF-I/insulin signaling activa-
tion. IRS-1 was degraded via the ubiquitin-mediated 26S proteasome, and this degradation was blocked by
the inhibition of phosphatidylinositol 3'-kinase activity?’. The protein levels of IRS-1 are also decreased by the
downstream kinase, mMTORCI. The serine phosphorylation of IRS-1 via active mTORCI1 recruits the SCFF-TRCP
E3 ligase complex, catalyzing IRS-1 degradation®. As IRS-1 is an important mediator of IGF-I signaling, it is
widely accepted that a decrease in IRS-1 protein levels is one of the mechanism involved in the downregulation of
IGF-I signaling. However, recently, we reported a novel function for IRS-1 related to IGF-I signaling desensitiza-
tion in L6 myoblasts: IRS-1 associates with the medium chain of the clathrin-coated adapter protein, AP2 and
competitively inhibits its function. This process suppresses the internalization of active IGF-I receptors on the
plasma membrane?*. This novel downregulation mechanism does not rely on IRS-1’s role as a signaling mediator
but instead reveals a novel function that modulates IGF-I receptor internalization.

Recently, we reported that differences in IRS-1 protein levels induce cell competition during myogenesis in
L6 myoblasts. Briefly, cells with high IRS-1 levels are eliminated from the cell layer via cell competition®. Cell
competition is a cell fitness-sensing mechanism whereby less fit cells are eliminated as ‘losers’ when surrounded
by more fit cells, the ‘winners™**. However, the biological significance of cell competition driven by differential
expression levels of IRS-1 during myogenic differentiation remains unclear.

In this study, we investigated the detailed mechanisms by which IGF-I determines different cell fates from the
aspect of IGF-I signaling dynamics. IGF-I concentration was revealed to be a bifurcation parameter for determin-
ing whether the IGF-I signaling oscillates or remains constant. In addition, proliferation was induced when the
IGF-I signaling was constant, and differentiation was induced when it oscillated. These results strongly suggest
that IGF-I concentration determines cell fate by altering IGF-I signaling dynamics. In addition, IRS-1 oscillations
were synchronized via cell competition in a cell-autonomous manner, and this IGF-I signaling synchronization
is critical for cell fusion to form multinucleate myotubes.

Results

High concentration of IGF-I inhibited myogenic differentiation but enhanced proliferation
IGF-1 is essential for the proliferation and differentiation of L6 myoblasts. Studies have shown that muscle dif-
ferentiation is inhibited at high IGF-I concentrations'. Thus, we examined proliferation and differentiation
abilities in L6 myoblasts at high and low IGF-I concentrations. Confluent L6 myoblasts were differentiated into
myotubes by exchanging Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) for DMEM with 2% FBS (differentiation medium) containing 0 or 100 ng/mL IGF-I. Two days
after the induction of differentiation, the expression of the myogenic marker protein, MyHC (Myosin Heavy
Chain), was induced in the differentiation medium that did not contain IGF-I. However, when 100 ng/mL IGF-I
was added to the differentiation medium, MyHC expression was impaired (Fig. 1A), indicating that a high con-
centration of IGF-I inhibited myogenic differentiation. Expression levels of the myogenic master transcription
factor, myogenin, were also impaired after the addition of 100 ng/mL IGF-I on the second day. Furthermore,
the fusion index, which indicates the differentiation level of myoblasts into multinucleate myotube cells, was
impaired after adding 100 ng/mL IGF-I (Fig. 1B,C). Next, their proliferative abilities under the same conditions
were examined. [*H]-labeled thymidine was added to the medium for 4 h, whereafter the [*H] incorporated into
DNA was measured as an indicator of proliferation ability. When L6 myoblasts were cultured in DMEM with
2% FBS containing 0, 1, or 10 ng/mL IGF-I, cell proliferation ability was weak. However, cell proliferation was
enhanced when cultured in DMEM with 2% FBS containing 100 ng/mL IGF-I (Fig. 1D). Thus, the myoblast cell
fate switched in the presence of different concentrations of IGF-1. To investigate the molecular mechanism by
which IGF-I concentration switches the cell fate of L6 myoblasts, we analyzed whether the activation dynamics
of IGF-I signaling were affected by differences in the IGF-I concentration.

Mathematical model of IGF-I signaling

We constructed a mathematical model of IGF-I signaling. Recently, we reported a novel regulatory mechanism
of the IGF-I signaling pathway in L6 myoblasts. Briefly, (1) IRS-1 interferes with IGF-I receptor internalization
through competitively inhibiting AP2 function®. (2) IRS-1 protein levels are downregulated by active mTORC1
kinase?. As IGF-I signaling is known to be downregulated by IGF-I receptor internalization, high IRS-1 levels
lead to their sustained activation. Thus, in this model, IRS-1 is not a mediator, but rather a regulator that modu-
lates the duration of IGF-I signaling pathway activity (Fig. 2A).

We modeled the IGF-I signaling pathways using the form of ordinary differential equations (Fig. 2B):
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Fig. 1. Effects of IGF-I concentration on IGF-I signaling pathway dynamics and bioactivity expression.

(A) L6 myoblasts were incubated in a differentiation medium (DMEM with 2% fetal bovine serum (FBS))
supplemented with either 0 or 100 ng/mL insulin-like growth factor-I (IGF-I). Cell lysates were collected at
0, 1, or 2 days post-differentiation induction for immunoblotting analysis using the specified antibody. (B)
L6 myoblasts were cultured in a differentiation medium. Cells were fixed with 4% paraformaldehyde at 0 and
4 days post-differentiation induction and subjected to immunostaining analysis using the MyHC antibody.
Scale bar=50 pum. (C) The fusion index was determined (n=3). Data are presented as mean + SEM. *P <0.05,
determined by Students t-test. (D) L6 myoblasts were cultured in a differentiation medium (DMEM with

2% FBS) supplemented with 0, 1, 10, or 100 ng/mL IGF-I. Forty-four hours later, [methyl-*H] thymidine was
added, and after a 4-h incubation, the amount of [*H] incorporated into DNA was measured as an indicator
of proliferation ability (n=6). Data are presented as mean+SEM. **P <0.01, analyzed using one-way ANOVA
followed by Tukey’s post hoc test.
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Fig. 2. Mathematical model of the IGF-I signaling pathway. (A) Schematic illustration of the IGF-I signaling
pathway model. Insulin receptor substrate-1 (IRS-1) inhibits AP2 function, thereby suppressing internalization
of the active IGF-I receptor from the plasma membrane. Downstream signaling pathway activation induces
the degradation of IRS-1. In this model, IRS-1 is not a mediator but rather a regulator of the IGF signaling
pathway. (B) A mathematical model based on the IGF-I signaling pathway. (C,D) Simulation results of the
IGF-I signaling pathway. C: k; =0.006. D: k; =0.06. (E) L6 myoblasts were serum-starved for 18 h, followed

by stimulation with DMEM + 2% FBS containing 1 or 100 ng/mL IGF-I. Cell lysates were prepared from

each sample, and the total cell lysate was used for immunoblotting analysis with anti-IRS-1, anti-pAkt, or
anti-Akt antibodies. BSA bovine serum albumin, mTORCI mechanistic target of rapamycin complex 1, PI3K
phosphatidylinositol 3-kinase.
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dx

ar =fxk), (1)

where x is a vector of substrates and k is a vector of the parameters. The ordinary differential equations for the
three variables in the system are given as follows:

d[PIjitHR] = ki — k2 [pIGFIR] (1 — [IRS1]), (2)
d[ICI;tSl] = k3 — k4[IRS1][pmTORC1], 3)
w = ks [pIGFIR] — ke [pmTORC1]. (4)

As shown below, the IGF-I signaling system has a unique equilibrium with nonnegative values:
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We performed a linear stability analysis for this equilibrium point. That is, we analytically obtained the
Jacobian matrix (J: linearized matrix) at the equilibrium point, and obtained the characteristic polynomial P.
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The stability of the equilibrium point is determined by the sign of the real part of the eigenvalues A of the
Jacobian matrix. The eigenvalues are given by the roots of the characteristic equation, P=0. The equation has
one negative real root (1,) and two complex roots (1, and A;). To examine the stability of the point, Hurwitz’s
stability discriminant method was applied to P. The first and second Hurwitz determinants are always positive,
and the third Hurwitz determinant given as:
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When Hj3 is positive, all roots of P=0 have a negative real part, i.e., the equilibrium point is stable. By trans-
forming H3, we define our criteria of the stability F.
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Numerical calculations confirmed that at F=1, signs of the real parts of A, and A; switch. The equilibrium
point is stable if F> 1 but unstable when F £1. Therefore, in this system, Hopf bifurcation occurs at F=1.

As F is a function of k, the stability of the equilibrium switches as k varies (Fig. S1A). Each coefficient of
this system was optimized by fitting the experimental results of IRS-1 protein levels and Akt activity (related to
pmTORCI activity) at various time points (0 min, 5 min, 30 min, 60 min, 3 h, 6 h, and 12 h) after stimulation
with 100 ng/mL IGF-I (Fig. S2A). For fitting, Bayesian optimization was used. From this optimization process,
k -k coeflicients, could be set, respectively, as shown in Fig. S2B. A comparison of the numerical calculations
with optimized coefficient results with the actual values are shown in Fig. S2C. Evaluating the relationship
between the k and F values predicted whether IGF-I signaling would oscillate or remain constant (Fig. S3). The
values obtained by substituting the optimized coefficients into the F formula are indicated with a white cross
symbol in each graph. Furthermore, we showed the change in the F value when coefficients on both axes were
altered. In each graph, the F value is shown in the heatmap. A red color indicates that F> 1. For example, when
k, decreases, F decreases. As k; is a value that depends on the IGF-I concentration, the IGF-I concentration is
a bifurcation parameter that determines whether the IGF-I signaling pathway will oscillate or remain constant.
This result can be predicted by referring to the following formula for F: the larger the k, value, the larger the F
value. Considering that F< 1 when k, =0, a high IGF-I concentration would stabilize the system with a large F
value, whereas a low IGF-I concentration would destabilize the system with a small F value. The simulation results
obtained through numerical calculations indicate that IGF-I signaling switches between constant and oscillatory
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signals depending on k; (Fig. 2C,D). Interestingly, the simulation results indicate that the IGF-I signaling is
constant when the optimized k; value is used (k, =0.060; Fig. 2C). However, when the equivalent k, value for the
IGF-I concentration is set to one-tenth of the amount (k, =0.006), IGF-I signaling oscillates (Fig. 2D). As shown
in Fig. 2C, the F value is greater than 1, whereas in Fig. 2D, it is less than 1. Bifurcation diagrams showing the
relationship between the k,; value and amplitude of IRS-1 protein levels are shown in Fig. S1B.

On the other hand, it is accepted by many researchers that IRS-1 is a critical mediator of the IGF-I signal-
ing pathway and that activation of downstream kinase, mTORC1 leads to proteasomal degradation of IRS-1
resulting in suppression of IGF-I signaling activity. We also modeled this canonical IGF-I signaling pathway as
differential equation (Fig. S4). This system has two different equilibria, E,, E_. Equilibrium point E_ is unstable
but exists in a region with negative [IRS1], [pIRS1], and [pmTORCI] coordinates. Thus, a state that is impossible
in biological phenomena can be realized computationally. On the other hand, equilibrium point E, is proved to
be always stable under k> 0. These data strongly indicated that, in this canonical system, IGF-I signaling activity
is always constant.

IGF-I signaling dynamics in L6 myoblasts

To evaluate how the IGF-I signaling pathway was activated in cells, immunoblotting analysis was performed
on the L6 myoblasts (Fig. 2E). L6 myoblasts were serum-starved for 18 h, followed by stimulation with 1, 10, or
100 ng/mL IGF-I for the indicated periods. The amount of IRS-1 protein, whose levels were altered in response
to IGF-I stimulation, was measured. IRS-1 protein levels increased in all groups after 1 h of IGF-I stimulation.
In groups stimulated with 1 ng/mL IGF-I, IRS-1 levels gradually increased for up to 18 h, decreased sharply at
24 h, and then recovered at 30 h. In the groups stimulated with 10 ng/mL IGF-I, IRS-1 levels decreased at 6 h,
gradually increased again from 18 to 30 h, decreased at 36 h, and increased thrice at 48 h. Contrarily, in the
100 ng/mL IGF-I-stimulated group, IRS-1 levels decreased at 6 h, and little change was observed. These data
indicated that the IGF-I signaling oscillated at a concentration of less than 100 ng/mL IGF-I, whereas the addi-
tion of 100 ng/mL IGF-I stabilized it. Contrastingly, activation of Akt, which is related to mTORC1 activity, did
not oscillate in all test groups. Because prolonged incubation in serum-free medium is a unideal condition for
cells, we performed similar experiments using medium containing 2% FBS. L6 myoblasts were serum-starved
for 18 h and stimulated with DMEM 2% FBS containing 0, 1, or 100 ng/mL IGF-I. Stimulation with 2% FBS
containing 0 or 1 ng/mL IGF-I made IGF signaling oscillate, but 100 ng/mL IGF-I addition did not (Fig. S5A).
Moreover, in mouse C2C12 myoblasts, IRS-1 protein levels and phosphorylated Akt levels were oscillated by
stimulation with DEME 2% FBS containing IGF-I (Fig. S5B). In addition, nuclear/cytoplasmic localization of
FoxOl in C2C12 cells under the 100 ng/mL IGF-I stimulation condition was oscillated (Fig. S5C). These experi-
ments data strongly suggested that IGF-I signaling can be oscillated in myoblast under some conditions, and that
a model in which IRS-1 is a regulator rather than a mediator (Fig. 2A) is more reliable than a canonical model
in which IRS-1 is a mediator (Fig. S4).

Cellular automaton simulation predicted that IRS-1 protein levels oscillate in phase through
cell competition during myoblast differentiation

We previously reported that differential expression levels of the IRS-1 protein induce cell competition and that
high-level IRS-1 cells are selectively eliminated from cell layers when surrounded by low-level IRS-1 cells®.
Using cellular automaton analysis, IRS-1 protein levels during the progression of myoblast differentiation were
simulated while considering cell competition (Fig. 3A). In this cellular automaton analysis, the cells were shown
in a hexagon, and each cell was attached to six other cells. Within each cell, IRS-1 protein levels oscillated in
different phases. When the target cell was surrounded by cells with lower levels of IRS-1 (the threshold for the
difference in IRS-1 protein levels at which cell competition occurs is set at 0.136; 40% of the amplitude of the
oscillation), the target cell was eliminated. The remaining space was then filled by the proliferation of neighbor-
ing cells. Detailed conditions under which the cells were eliminated are shown in Fig. 3A. At first, k, value was
fixed at 0.002, which is around the maximum amplitude of IRS-1 protein level oscillation (Fig. S1B). When the
threshold for differences in IRS-1 protein levels at which cell competition occurs was varied, it was observed
that lower thresholds resulted in the formation of cell populations with aligned IRS-1 levels (Fig. S6A). In the
later analysis, IRS-1 level difference threshold is fixed at 0.136 (40% of amplitude of the oscillation), and the k,
value was fixed at 0.002. At time 0, each cell had a different IRS-1 protein level because IRS-1 oscillated at dif-
ferent phases (t=0; Fig. 3B). Over time, some cell groups whose IRS-1 protein levels are the same are formed
(t=20-140; Fig. 3B). These simulation results indicate that cell competition gradually aligns the IRS-1 levels of
neighboring cells, forming cell populations that oscillate during the same phase.

Immunofluorescent analysis revealed synchronized IRS-1 protein oscillations in differentiated
myotubes

To confirm this prediction, IRS-1 protein levels in each cell were assessed using immunostaining with an anti-
IRS-1 antibody during the progression of myoblast differentiation. Initially, L6 myoblasts were serum-starved for
18 h, stimulated with 100 ng/mL IGF-1, and stained with an anti-IRS-1 antibody (Fig. 3C). Under serum-starved
conditions, the fluorescence level of IRS-1 was high, and IRS-1 was mainly localized in nuclei. One hour after
IGF-I stimulation, the fluorescence intensity decreased, and the IRS-1 proteins were localized throughout the
cell. IRS-1 proteins were exported from nuclei 6 h later and localized mainly in the cytosol. It has been reported
that IRS-1 localization was changed in response to IGF-I, but the underlying mechanism remains unknown.
Although the relationship between the difference in IRS-1 localization and oscillations of IRS-1 protein level
is unclear, these results show that the status of IGF-I signaling activity can be identified by immunostaining of
IRS-1. Thus, three types of IRS-1 staining patterns (Type A, B, and C) were identified (Fig. 3C). L6 myoblasts
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Fig. 3. Synchronization of IGF-I signaling oscillations. (A) Cellular automaton-based algorithm considering cell competition.
When the target cell is surrounded by low-level IRS-1 cells, target cells are eliminated, and the empty space is replaced by

the proliferation of neighboring cells. (B) Cellular automaton simulation results. The IRS-1 level in each cell is shown as a
heatmap, and the dead space is in black. At time 0, each cell had different IRS-1 protein levels because IRS-1 oscillation was
not synchronized. Over time, IRS-1 protein levels gradually synchronized between neighboring cells. (C) L6 myoblasts were
serum-starved for 18 h, followed by stimulation with 100 ng/mL IGF-I for the indicated time. Afterward, cells were fixed and
immunostained with anti-IRS-1 antibody. (D) L6 myoblasts were differentiated into myotubes in a differentiation medium.
On days 0, 1, or 2 after induction of differentiation, cells were fixed and immunostained with anti-IRS-1 antibody. The green
color shows IRS-1, and the blue color indicates the nuclei stained with Hoechst 33342. Scale bar =20 um; applicable to all
images in each panel. (E) The diversity index was calculated from the data of photographs immunostained with IRS-1 and
shown as a graph (n=4). Results are presented as mean + SEM. *P <0.05. One-way ANOVA and Tukey’s post hoc test were

performed for assessment.
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were differentiated into myotubes by culturing in a differentiation medium. Cells were then immunostained with
an anti-IRS-1 antibody at 0, 1, or 2 days after the induction of differentiation (Fig. 3D,E). Before induction of
differentiation, the staining pattern of IRS-1 was random. Two days after the induction of differentiation, IRS-1
immunostaining patterns aligned with each other. As mentioned in the “Materials and methods” section, we
defined the diversity index as a synchronization parameter and calculated it at 0, 1, and 2 days after the induc-
tion of differentiation. Two days after the induction of differentiation, the diversity index decreased significantly,
suggesting that the IRS-1 protein oscillation was synchronized after the induction of differentiation.

Synchronization of IGF-I signaling oscillation was critical for myogenic cell fusion to form
multinucleate myotubes

To evaluate the biological significance of IGF-I signaling synchronization, cell competition was inhibited by
adding an apoptotic inhibitor, Z-VAD-FMLK, to the differentiation medium. Addition of Z-VAD-FMK impaired
the decrease observed in the diversity index (Fig. 4A), indicating that the synchronization of oscillating IRS-1
levels was inhibited. Z-VAD-FMK addition did not inhibit the expression of MyHC but significantly decreased
the fusion index (Fig. 4B). Myomaker plays an important role in myogenic cell fusion?, and the addition of
Z-VAD-FMK was found to decrease its mRNA levels (Fig. 4C). These results indicated that apoptotic inhibitors
impeded myogenic cell fusion to form multinucleate myotubes.

Next, we examined whether synchronization of IGF-I signaling oscillations was sufficient for myogenic dif-
ferentiation. L6 myoblasts were serum-starved for 1 day to synchronize IGF-I signaling oscillation in advance,
whereafter differentiation was induced (Fig. 4D). Serum removal before the induction of differentiation clearly
accelerated MyHC expression. Interestingly, caspase-3 activation did not enhance after one day under serum-
starved conditions. These data strongly suggested that differentiation was accelerated by the pre-synchronization
of IGF-I signaling following serum removal.

Synchronization of IGF-l signaling oscillation possibly occurs only under limited IGF
concentrations

The relationship between the k, value and amplitude of IRS-1 protein oscillation is shown in Figs. S1B and S6B.
The k, value at which the oscillation and stability switch occurred was approximately 0.0077 (Hopf branch [HB];
Fig. S6B). The amplitude of the IRS-1 protein levels was low when k; was close to the HB. Furthermore, as k,
approached zero, the amplitude of IRS-1 also decreased. Thus, the signaling amplitude was extremely small at
IGF-I concentrations near the HB or zero. IGF-I concentrations at which IGF-I signaling oscillated were in the
single-digit range, indicating that signaling oscillated only at very limited concentrations. Results of the cellular
automaton analysis at various k, values are shown in Fig. S6B. When the amplitude of the IRS-1 level is large
(when k, is between 0.002 and 0.005; very limited concentrations of IGF-I), the amount of IRS-1 in cells becomes
synchronized; however, above or below that amount, no synchronization occurs because of the low amplitude
of IRS-1 levels.

Discussion

It is well established that IGF-1is an essential hormone for both myoblast proliferation and differentiation. Here,
we focused on the difference in IGF-I signaling dynamics at different IGF-I concentrations. Numerical simulation
results indicate that IGF-I signaling oscillates at low concentrations and remains stable at high concentrations.
Using data from samples treated with 100 ng/mL IGF-1, a k; value of 0.067 was calculated to predict approximate
IGF-I concentrations. The estimated branching concentration of IGF-I was around 88 ng/mL When k; was 0.067
(IGF-I concentration 100 ng/mL), signaling was stable; When k; was 0.0067 (IGF-I concentration 10 ng/mL),
oscillations occurred, consistent with numerical and experimental findings. Despite its simplicity, the IGF-I
signaling model, which used three variables, produced bifurcation analysis results that were consistent with
the experiments. Previous data on IRS-1 knockdown not affecting insulin/IGF signaling pathway activation®**
and IRS-1 overexpression not enhancing Akt activation could not be reconciled with the previous IRS-1 model
as a signaling mediator®’. However, our current model suggests IRS-1 acts as a signaling modulator, potentially
explaining these conflicting observations.

We have some limitations in our IGF-I signaling mathematical model. Some parameters did not align with
the fitting data (Fig. S2C). The duration period of the IGF-I signaling oscillation differs between the numerical
simulation results and experimental data. Our model is designed to elucidate qualitative dynamics in IGF-I sign-
aling but not for quantitative optimization. Therefore, the accuracy of the fitting data is low, and there are some
errors with the duration period of IGF-I signaling oscillation. This error would be the cause of the inconsistency
between the timing of the phase alignment of IRS-1 oscillation in the cell and the timing of phase alignment in
the cellular automaton analysis. In addition, numerical simulation results predicted that pAkt is also oscillated.
However, oscillation could not be observed in the experimental results in L6 myoblasts. We believe that this
discrepancy is due to the weak IGF-I signaling activity, which is below the detection limit in Western blotting
in L6 so that oscillations cannot be detected; indeed, oscillations in Akt activation and the localization of Foxol
could be detected in C2C12 cells which has higher IGF-I signaling activation level than L6 (Fig. S5).

The IGF-I signal transduction pathway is similar to that of insulin. However, we can predict that insulin
signaling dynamics are different from those of IGFs. As blood insulin levels are transient in the body, insulin
bioactivity is transiently expressed and varies continuously in a concentration-dependent manner®'. Contrarily,
blood IGF-I is maintained constantly throughout the day because it has long-running bioactivities, including
cell proliferation and cell differentiation®'. In our study, we showed that the concentration of IGF-I, unlike that
of insulin, is a discontinuous switching parameter of signaling dynamics. Data showing that the concentration
of IGF-I transformed cell fate and signaling dynamics coincided strongly suggest that IGF signaling dynamics
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Fig. 4. Synchronization of IRS-1 oscillation is critical for cell fusion. (A) L6 myoblast differentiation was induced in

the differentiation medium containing Dimethyl sulfoxide (DMSO) or Z-VAD-FMK. At 0 or 4 days after induction of
differentiation, cells were fixed and immunostained with an anti-IRS-1 antibody. The green color shows IRS-1, and the blue
color indicates the nuclei stained with Hoechst 33342. Scale bar =50 pm; applicable to all images in each panel. The diversity
index was calculated and shown in the graph (n=4). Results are presented as mean + SEM. *P <0.05. One-way ANOVA and
Tukey’s post hoc test were performed for assessment. (B) L6 myoblasts were differentiated in the differentiation medium for 4
days. Cells were fixed and immunostained with an anti-MyHC antibody. Scale bar =20. The fusion index was calculated and
shown in the graphs (n=3). Results are presented as mean + SEM. *P<0.05. Student’s t-test was performed for assessment.
(C) L6 myoblasts were differentiated in the differentiation medium for 3 days. Myomaker mRNA levels in L6 myoblasts
were measured via gPCR (n=3). Results are presented as mean+ SEM. *P<0.05. One-way ANOVA and Tukey’s post hoc
test were performed for assessment. (D) L6 myoblasts were directly differentiated by exchanging the culture medium from
DMEM +10% FBS to DMEM +2% FBS (normal). L6 myoblasts were serum-starved for 1 day, followed by differentiation
induction in DMEM + 2% FBS. Total cell lysates were prepared for immunoblotting analysis using the indicated antibodies.
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determine cell fate. It is well known that myoblasts can differentiate into myotubes or myofibers by changing
culture media from DMEM with 20% or 10% FBS to DMEM with 2% FBS or 5% horse serum'**2. This is thought
to be caused by decreased proliferative activity of some growth factors, such as the epidermal growth factor (EGF)
and bFGF****, However, our report suggested that myoblasts differentiate into myotubes when IGF signaling
oscillates after exchanging media from DMEM with 10% FBS to DMEM with 2% FBS; in other words, from a
high to a low IGF-I concentration.

IGF-I signaling oscillation is essential for myogenic differentiation as it involves FoxO1 activation. FoxO1,
a transcription factor, is excluded from the nucleus and inactivated upon activation of IGF-I signaling®. There
are reports that active FoxO1 induces myogenic differentiation and that its inactivation is also necessary*>-".
Additionally, we previously reported that IRS-1 overexpression inhibits myogenic differentiation due to continu-
ous FoxOl1 exclusion from nuclei*’. Sustained FoxO1 inhibition via IGF-I over-addition or IRS-1 overexpression
impairs myoblast cell fusion®*-*. Thus, IGF-1 signaling must be suppressed and activated during myogenic dif-
ferentiation to allow FoxOl to activate and enhance the transcription of important myogenic proteins. In this
study, we have shown that IRS-1 localized in the nucleus was excluded from the nucleus in response to IGF-I
stimulation. Although we have reported that differential expression of IRS-1 protein level induced the cell
competition, the present results suggest that difference in the subcellular localization of IRS-1 might induce cell
competition. Further studies are required in this respect.

Owing to cell competition, cell populations with synchronized IGF-I signaling may fuse to form multinucle-
ated myotubes. Furthermore, an apoptosis inhibitor significantly inhibited the synchronization of IGF-I signaling
and myogenic cell fusion. Pre-synchronization of IGF-I signaling by serum starvation enhanced cell differentia-
tion. These results strongly suggest that the synchronization of IGF-I signaling via cell competition is critical for
myogenic cell fusion. Myomaker and myomixer are directly involved in cell fusion. Their expression is regulated
by typical muscle-specific transcription factors, such as myoblast determination protein 1 (MyoD) and myogenin,
as well as by mechanisms that specifically regulate cell fusion, such as ERK5 activation**?. Therefore, the syn-
chronization of IGF-I signaling increasing myomaker expression remains unknown and requires further analysis.

Using the F value, it was possible to uncover a bifurcation parameter to determine IGF-I signaling dynamics
(Fig. S4). For example, the IRS-1 production parameter, k3, is a bifurcation parameter. IGF-I signaling may be
constant when k3 is too high or low. This indicated the possibility that differentiation was inhibited when IRS-1
levels were both too high and low. We have previously reported that IRS-1 overexpression inhibits myogenic
differentiation®”. Such manipulation of IGF-I signaling dynamics could modulate cell fate by artificially chang-
ing the coeflicients.

There are reports that the localization or activity of some signaling proteins oscillates and that signaling oscil-
lations play essential roles in bioactivity expression. For example, upon EGF stimulation, sustained oscillation of
extracellular signal-regulated kinase (ERK) proteins between the nucleus and cytoplasm has been observed*. This
stochastic ERK activity pulse regulates cell proliferation rates in a density-dependent manner**. In addition,
switch-like ERK activation is essential for invagination of the Drosophila tracheal placode®. Some reports have
shown that Akt phosphorylation in mice fed ad libitum resulted in elevated levels of pAkt at nighttime*, when the
animals normally ingested food. These feeding rhythms were sufficient to generate cycles of Akt phosphorylation.
Moreover, these ultradian Akt activation rhythms were observed in a circadian clock-independent manner?.
Single-cell time-lapse imaging and computational modeling of NF-«B localization showed asynchronous oscilla-
tion following signaling stimulation, and the transcription of target genes were dependent on NF-kB oscillation®®.
Thus, the activity and localization of many signaling molecules oscillate; however, regulating signaling dynamics
under physiological conditions is unknown. We showed that a slight change in IGF-I concentration controls the
oscillations of IGF-I signaling.

This study had some limitations. The IGF-I models created in this study and the validation experiments were
mainly performed using L6 myoblasts, and it is unclear whether the dynamics of IGF-I signaling changes in the
same manner with IGF-I concentration in different cell lines. Future research must investigate the dynamics of
IGF-I signaling in myoblasts via a system that can track IGF-I signaling activity in animal models.

This study concludes that the IGF-I concentration is a bifurcation parameter that determines cell fate by
switching IGF-I signaling dynamics. High IGF-I levels inhibited myogenesis owing to constant IGF-I signaling.
When the IGF-I level was low, synchronization of IGF-I signaling failed because of the low amplitude of IRS-1
protein levels (Fig. S5). These results indicated that myogenic differentiation was induced only at a limited IGF-I
concentration. This system may be an excellent cell-autonomous system in which IGF-I controls the oscillation
of IGF-I signaling and the amplitude of IRS-1 level oscillations, ensuring that cells do not easily induce muscle
differentiation.

Materials and methods

Materials

DMEM and phosphate-buffered saline (PBS) were purchased from Nissui Pharmaceutical Co. (Tokyo, Japan).
FBS was obtained from Sigma-Aldrich (St. Louis, MO, USA), and IGF-I from Wako Chemicals (Tokyo, Japan).
Penicillin and streptomycin were obtained from Banyu Pharmaceutical Co. (Tokyo, Japan). Polyclonal anti-IRS-1
antibodies for immunoblotting and immunostaining were obtained from Merck Millipore (Middlesex Country,
MA, USA) and ProteinTech (Tokyo, Japan), respectively. Anti-caspase-3 antibody was purchased from Cell
Signaling Technology (Danvers, MA, USA), and anti-MyHC antibody from Merck Millipore. Hoechst 33342
was purchased from Molecular Probes (Eugene, OR, USA) and z-VAD-FMK from BD Biosciences (Franklin
Lakes, NJ, USA). Horseradish peroxidase-conjugated secondary anti-rabbit and anti-mouse IgG antibodies were
obtained from GE Healthcare (Pittsburgh, PA, USA). Enhanced chemiluminescence reagents were obtained
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from PerkinElmer Life Sciences (Boston, MA, USA). All other chemicals used were of reagent grade and com-
mercially available.

Cell cultures and differentiation

L6 myoblasts were purchased from the American Type Tissue Culture Collection (Manassas, VA, USA). L6
myoblasts were maintained at 37 °C in a humidified, 5% CO,-controlled atmosphere in DMEM supplemented
with 10% FBS, 0.1% NaHCO;, 50 IU/mL penicillin, and 50 pg/mL streptomycin. L6 differentiation was induced
as described previously™.

Immunoblotting analysis

Cells were lysed at 4 °C with ice-cold lysis buffer (1% NP40, 50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1 mM
EDTA, 1 mM NaF, 10% glycerol, 20 ug/mL phenylmethylsulfonyl fluoride [PMSF], 5 ug/mL pepstatin, 10 pg/
mL leupeptin, 100 KIU/mL aprotinin, 1 mM Na;VO,, and 10 mg/mL p-nitrophenyl phosphate) or ice-cold
Ristocetin-induced platelet aggregation (RIPA) buffer (50 mM Tris-HCI [pH 7.4], 15 mM NaCl, 0.1% sodium
dodecyl sulfate [SDS], 0.5% deoxycholate, 20 pg/mL PMSE, 5 pug/mL pepstatin, 10 pug/mL leupeptin, 100 KIU/
mL aprotinin, 1 mM Na;VO,, and 10 mg/mL p-nitrophenyl phosphate). Insoluble materials were removed via
centrifugation at 15,000xg for 10 min at 4 °C, and the supernatant was prepared as the total cell lysate. Immu-
noblotting was performed as described previously’>.

Mathematical model of the IGF signaling pathway

We constructed a mathematical model of the IGF-I signaling pathway, as shown in Fig. 2A,B. Here, we describe
the activation of the IGF-I receptor with IGF-I treatment, denoted by [pIGFIR]. The rate at which insulin-like
growth factor-I receptor (IGFIR) is activated is:

K[IGFIR][IGF1] _

(1 + K[IGFIR]) "

where [IGFIR] represents the amount of IGF-I receptors on the plasma membrane, [IGFI] is the concentration
of IGF-I in the medium, and K is the coupling constant for IGFIR and IGF-I. We have previously reported that
IGF-1I receptor levels on the plasma membrane were not altered after IGF-I stimulation®®. Therefore, for sim-
plicity, we used the rate at which IGFIR is activated as the constant, k,. This implies that k, corresponds to the
IGEF-1 concentration.

Parameter fitting of IGF signaling pathway

Each coeflicient of the IGF signaling pathway system was optimized by fitting the experimental results of IRS-1
protein levels and Akt activity (related to pmTORCI activity). Bayesian optimization was employed to fit the
coefficients based on experimentally obtained values. This method utilizes previous experimental outcomes to
determine experimental parameters from probability distributions, aiming to identify optimal hyperparameters
with minimal trial iterations.

Thymidine incorporation into DNA

L6 cells in 48-well plates were cultured for 24 h in differentiation medium containing the indicated concentra-
tions of IGF-1. [Methyl-*H] thymidine (0.3 uCi/well, 1 uCi/mL; GE Healthcare) was added to each well 4 h before
the termination of each experiment. Labeling was terminated by adding 500 uL of 1 M ascorbic acid. The cells
were washed twice with ice-cold PBS and twice with ice-cold 10% trichloroacetic acid. Trichloroacetic acid-
precipitated materials were solubilized with 250 pL of 0.2 N NaOH and 0.1% SDS, mixed into 5 mL clear-sol I
(Nacalai Tesque, Kyoto, Japan), and radioactivity measured with a liquid scintillation counter (Perkin Elmer).

Immunofluorescence staining

For confocal microscopy analysis, L6 cells were grown on coverslips. The cells were fixed for 10 min at 25 °C in
prewarmed 4% paraformaldehyde in PBS. After washing three times with PBS, cells were permeabilized with
0.25% Triton X-100 in PBS at 25 °C for 10 min. The cells were washed three times with PBS and then blocked
for 1 h at 4 °C with bovine serum albumin (BSA) blocking buffer (3% BSA and 0.025% NaNj; in PBS). Primary
antibodies diluted in BSA blocking buffer were added overnight at 4 °C. The samples were washed three times
with PBS and incubated for 1 h at 25 °C in a solution of Alexa Fluor-conjugated secondary antibodies diluted in
BSA blocking buffer. The coverslips were mounted using Vectashield for visualization under fluorescence (Key-
ence, Tokyo, Japan) and confocal fluorescence microscopes (Olympus, Tokyo, Japan).

Cellular automaton analysis
Synchronization of IGF-I signaling during myogenic differentiation was simulated using the cellular automaton
program. The algorithm used to simulate cell competition is shown in Fig. 3A.

Fusion index
The fusion index was determined by dividing the number of nuclei in myotubes composed of at least three cells
by the total number of nuclei observed in each fluorescence micrograph.

Scientific Reports |

(2024) 14:20699 | https://doi.org/10.1038/s41598-024-71739-y nature portfolio



www.nature.com/scientificreports/

Diversity index

L6 myoblasts were induced to differentiate into myotubes. On the indicated days after the induction of dif-
ferentiation, the cells were immunostained with an anti-IRS-1 antibody. The staining pattern of each cell was
classified as A-C, and the number of boundaries (Nb) of all cells in the fluorescence micrographs was counted.
If the staining patterns of two neighboring cells differed, 1 was added; if they were the same, 0 was added. This
was performed at the boundaries of all cells. The resulting value (Db) was then used to calculate the diversity
index with the following formula:

Db
2x Nb’

Diversity index =

Statistical analysis

All data are defined within the figure legends. Comparisons between two groups were performed using Student’s
t-test, whereas comparisons between more than two groups were analyzed via one-way analysis of variance
(ANOVA) and Tukey’s post hoc test.

Data availability
All relevant data are available from the lead contact, Fumihiko Hakuno (hakuno@g.ecc.u-tokyo.ac.jp), upon
request.
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