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ABSTRACT
The objective of this study was to investigate the effect of insulin growth factor-I (IGF-I) on the size of pig skeletal muscle satellite cells (SCs).
Using microarray, real-time RT-PCR, radioimmunoassay analysis and western blot, we first showed that supplementation of low-dose of IGF-I
in culture medium resulted in enlarged cell size of Lantang SCs, only Akt and S6K were up-regulated at both the mRNA and protein levels
among almost all of the mTOR pathway key genes, but had no effect on cell number. To elucidate the signaling mechanisms responsible for
regulating cell size under low-dose of IGF-I treatment, we blocked Akt and S6K activity with the specific inhibitors MK2206 and PF4708671,
respectively. Both inhibitors caused a decrease in cell size. In addition, MK2206 lowered the protein level of p-Akt (Ser473), p-S6K (Thr389),
and p-rpS6 (Ser235/236), whereas PF4708671 lowered the protein level of p-S6K (Thr389) and p-rpS6 (Ser235/236). However, low dose of
IGF-I didn’t affect the protein level of p-mTOR (Ser2448) and p-mTOR (Ser2481). When both inhibitors were applied simultaneously, the
effect was the same as that of the Akt inhibition alone. Taken together, we report for the first time that low-dose of IGF-I treatment increases
cell size via Akt/S6K signaling pathway. J. Cell. Biochem. 116: 2637–2648, 2015. © 2015 Wiley Periodicals, Inc.
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Insulin-like growth factor-I (IGF-I), a peptide growth hormone
with a high sequence similarity to insulin, affects the growth of

diverse tissues. In particular, IGF-I serves as an autocrine/paracrine
mediator in muscular processes that stimulates both proliferation
and differentiation of myoblasts [Duan et al., 2010]. IGF-I plays
important roles in various processes that are related to muscle
growth, such as muscle regeneration [Ye et al., 2013], and myofiber
hypertrophy [Barton et al., 2010].

Mammalian target of rapamycin complex1 (mTORC1) is a serine-
threonine kinase that controls cellular processes such as protein
synthesis, cell growth, and cell proliferation in response to nutrients

(amino acids), growth factors (insulin and IGF-I), cellular energy
status (ATP) and mechanical stimulate. The best-defined substrates
of mTORC1 are the 70-kDa ribosomal protein S6 kinase (S6K) and
eukaryotic translation initiation factor 4E-binding protein 1 (4E-
BP1) [Hoeffer and Klann, 2010], both of which are important in
regulating protein translation initiation [Hinnebusch, 2012].

The binding of IGF-I to its receptor activates multiple signaling
pathways, one of these pathways is the PI3K/Akt/mTORC1 axis
[Spangenburg, 2009]. Numerous studies have shown that the mTOR
pathway is responsible for cell growth and proliferation response to
IGF-I [Zhang et al., 2012; Ge et al., 2013]. However, both cell growth
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(mass accumulation: cell size is one of indicators of cell growth) and
cell proliferation (cell division: cell number is one of indicators of
cell proliferation) contribute to the growth of organs and they are
clearly separable processes [Lloyd, 2013]. In Drosophila and mice,
Akt and S6K, targets of TOR pathway, have been shown to regulate
cell size [Montagne et al., 1999; Condorelli et al., 2002].

In addition, phospholipase D 1 (PLD1) has been shown to act
through mTOR/S6K signaling pathway to induce muscle cell
enlargement [Jaafar et al., 2013]. Collectively, these data suggest
that the mTOR/S6K pathway is critical for promoting cell growth.
Nevertheless, 4E-BPs, another target of mTOR pathway, mediates
the effects of mTOR to increase cell number but not cell size
in mammalian cells [Dowling et al., 2010]. Recently, Cheng et al.
[2011] suggested that mTOR is not required for the cell growth
in Drosophila. It indicated that the regulation of cell size via
IGF-I/mTOR remain poorly understood.

As the resident stem cells, skeletal muscle satellite cells (SCs) are
considered to be essential for skeletal muscle regeneration involving
in damage repair of muscle [Song et al., 2013]. Our previous results
have shown that Lantang pig SCs are more proliferative than
Landrace pig SCs, while the cell size of Lantang SCs is significantly
smaller than that of Landrace SCs at 72 h after seeding [Wang et al.,
2012]. What’s more, the trends of cell size and cell number are
different. We then hypothesized that IGF-I concentration autocrined
by SCs is different between Lantang and Landrace pig and the
IGF-I/mTOR pathway may participate in the regulation of cell
growth differing from the regulation of cell proliferation. Therefore,
Lantang and Landrace SCs are used for investigating the underlying
mechanism of IGF-I/mTOR pathway on cell growth.

MATERIALS AND METHODS

CHEMICALS
Anti-Desmin and SABC kit were purchased from Boster Bio-
engineerting Co. Ltd (Wuhan, China); Histostain-Plus kit was
purchased from Jingmei Biotech Co. Ltd (Shenzhen, China);
Recombinant Human IGF-I was purchased from R&D Systems Inc.
(Minneapolis, MN). The Akt-specific inhibitor MK2206 was
purchased from Selleck Chemicals (Houston, TX), and the S6K-
specific inhibitor PF-4708671 was purchased from TOCRIS Bio-
science (Bristol, UK). Dimethyl sulfoxide (DMSO) was purchased
from Sigma (St. Louis, MO). Anti-Akt, anti-phospho-Akt (Ser473),
anti-mTOR, anti-phospho-mTOR (Ser2448), anti-phospho-mTOR
(Ser2481), anti-S6K, anti-phospho-S6K (Thr389), anti-rpS6, and
anti-phospho-rpS6 (Ser235/236) antibodies were all purchased from
Cell Signaling Technology (Beverly, MA). Anti-rabbit IgG and anti-
mouse IgG were from Beijing Biosynthesis Biotechnology Co. Ltd
(Beijing, China).

CELL CULTURE
The study was conducted with the approval of and in accordance
with the directives of the Institutional Animal Care and Use
Committee of South China Agricultural University (Guangzhou,
China). The SCs were isolated, purified and identified according to
the procedures outlined by our research group [Wang et al., 2012].

SCs that were isolated from the longissimus dorsi muscles of new-
born Lantang or Landrace pigs were grown and maintained in
DMEM/F12 medium containing 10% (v/v) FBS at 37°C in a 5% CO2

atmosphere. Immunocytochemistry analysis showed that the
isolated SCs were positive for the mouse monoclonal antibody
against desmin (data not shown).

MICROARRAY ANALYSIS
RNA was isolated from cultured Lantang and Landrace SCs at 72 h
after seeding with the Trizol reagent (Invitrogen, Carlsbad, CA)
according to manufacturer’s instructions. RNA quality was assessed
by agarose gel electrophoresis (1%). All of the RNA samples had
OD260/OD280 ratios between 1.8 and 2.0. The RNA samples were
sent to CapitalBio (Beijing, China) for microarray hybridization.
Each RNA sample from different PAM treatments was hybridized to
one Roche NimbleGen Porcine Genome Expression Array (Madison,
WI). Microarray hybridization and data analysis were performed
according to the procedures outlined by Ma et al. [2012]. There were
three replicates in Lantang and Landrace SCs.

RADIOIMMUNOASSAY OF IGF-I CONCENTRATION
The culture supernatants of Lantang and Landrace SCs were
collected at 72 h after seeding, and IGF-I concentrations were
measured by radioimmunoassay using a commercial kit specific to
the pig IGF-I (Tianjin Nine Tripods Medical & Bioengineering Co.
Ltd., Tianjin, China).

CELL SIZE ANALYSIS
Hematoxylin-eosin (HE) staining. For cell size assessment, SCs
from Lantang or Landrace pigs were seeded into 96-well plates at a
density of 2� 103 cells/well. Cells were harvested at 24, 36, 48, 60,
72, 84, and 96 h and rinsed twice with PBS, followed by fixation in
4% paraformaldehyde for 30min at room temperature. The cells
were stained with hematoxylin-eosin (Jingmei Biotech Co. Ltd,
Shenzhen, China) and photographed. The pictures were examined
using an image processing system (NIS-Elements, Nikon, Japan).
Flow cytometry. SCs were seeded into 6-well plates at a density of
1� 105 cells/well, and harvested at 36, 48, 60, 72, 84 and 96 h after
seeding. To harvest the cells, the plates were washed once with PBS
alone and once quickly with PBS/EDTA (2.5mmol/L), and then
incubated at 37°C for 5min in 1mL of PBS/EDTA. The cells were
gently pipetted off the plates, transferred to 1.5mL conical tubes, and
centrifuged for 5min at 1,000 rpm. The cells were then washed once
in PBS containing 1% FBS, centrifuged for 5min at 1,000 rpm,
resuspended in 0.5mL of PBS, and fixed by adding 5mL of 75%
ethanol (80% final). Fixed cells were stored at 4°C until analysis. For
FACS analysis, 10,000 single cells were collected. The mean FSC-A
of the 10,000 single cells was determined as ameasure of relative cell
size [Rosner et al., 2003].

CELL VIABILITY ASSAY
SCs were seeded into 96-well microtiter plates at a density of 2� 103

cells/well for cell viability analysis. A total of 20mL MTT (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) solution
(Sigma, St. Louis, MO) was added to each well and the plates were
incubated for 4 h. The plates were then centrifuged at 1400 g at 25°C
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for 15min. The supernatant was carefully discarded and 150mL
DMSO was added to each well for 10min at room temperature. The
absorbance of the reaction product was measured with a microplate
reader at a wavelength of 490 nm.

QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION (qRT-
PCR)
qRT-PCR was performed using One-Step SYBR Green PCR Mix
(Takara, Dalian, China) containing MgCl2, dNTPs, and HotStar Taq
polymerase. Primers were designed specifically for each gene using
the Primer 5.0 software. Amplification and melting curve analysis
were performed on a Stratagene Mx3005P real-time PCR system
(Stratagene, La Jolla, CA). Melting curve analysis was conducted to
confirm the specificity of each PCR product, and the sizes of products
were verified by electrophoresis on ethidium bromide-stained 1.0%
agarose gels in Tris acetate-EDTA buffer. Relative mRNA expression
level was calculated by 2-4Ct (4Ct¼4Ct of the target gene�4Ct of
the housekeeping gene), with GAPDH as the housekeeping gene.
Each sample was analyzed twelve times. The primer sequences (50 to
30) were as follows: IGF-I forward: TTC AGT TCG TGT GCG GAG AC,
reverse: TGTACT TCC TTC TGAGCC TTGG; PI3K forward: AAG TGA
GAA TGG TCCGAA TG, reverse: TGT CCC CAACTC CAAGAA T; Akt
forward: ACAACC AGGACCACG AGAAG, reverse: GAAACGGTG
CTG CAT GAT CT; TSC1 forward: GGA ACT GGA ATC TCA TCT GG,
reverse: TCT TCT GAG CCT CGT ACC TG; mTOR forward: GGT TTG
ATT ATG GTC ACT GG, reverse: TGC AAT GAG CTG AGG TAT AA;
eIF4E forward: TAC TGT TGA AGA CTT TTG GG, reverse: CAC ATA
GGC TCA ATA CCA TC; 4EBP1 forward: AGT GTC GGA ACT CAC
CTG T, reverse: TTC TGG CTG GCA TCT GT; S6K forward: TGG AAC
TCT TAG GCA CAT CA, reverse: CGA CAC AAT CAG AAC TCA AC;
GAPDH forward: GGT CGG AGT GAA CGG ATT TG, reverse: CCT
TGA CTG TGC CGT GGA AT.

WESTERN BLOTTING
SCs were washed twice with cold PBS and incubated in a lysis buffer
(RIPA, BioTeke, Beijing, China) containing 1mmol/L protease
inhibitor PMSF (Sigma, St. Louis, MO) and phosphatase inhibitors
(Sigma, St. Louis, MO) for 20 s on ice, followed by centrifugation at
12,000 g and 4°C for 5min. The protein concentrations of the
supernatants were determined using a BCA Protein Assay Reagent
Kit (Thermo Fisher Scientific, Rockford). The protein samples were
boiled for 10min and then subjected to 8–10% SDS gel electro-
phoresis. The proteins were separated by electrophoresis at 80V for
20min and 110V for 75min using Tris-glycine running buffer
(0.025mol/L Tris base, 0.192mol/L glycine, and 0.1% SDS, pH 8.3).
Prestained molecular weight markers (Invitrogen, Carlsbad, CA)
were used to determine protein size. The proteins were subsequently
transferred onto PVDF membranes using a transfer buffer that
contained 25mmol/L Tris base, 192mmol/L glycine, and 10%
methanol (pH 8.1 to 8.3). The membranes were blocked for 1 h in 5%
BSA and TBS buffer (20mmol/L Tris and 500mmol/L NaCl, pH 7.6) at
room temperature. Themembranes were then incubated overnight at
4°C with primary antibodies. All antibody dilutions were made in
TBST buffer (TBS buffer with 0.05% Tween-20). The membranes
were washed 6 times for 5min each with TBST buffer, followed by
incubation for 1 h with horseradish peroxidase-labeled anti-mouse

or anti-rabbit IgG (Beijing, China). The proteins were visualized with
the ECL-Plus western blotting reagent in a FluorChemM system (Cell
Bioscicences, San Leandro, CA). Band density was analyzed by
Image J (http://rsb.info.nih.gov/ij/).

STATISTICAL ANALYSIS

Data are expressed as the mean� SEM. The results were analyzed
with Student’s t-test and One-Way ANOVA using the SAS (version
9.3) software. Differences among groups were determined using
Duncan’s multiple-range test. The differences between treatments
were considered statistically significant when P< 0.05.

RESULTS

DIFFERENTIAL IGF-I GENE EXPRESSION IN LANTANG AND
LANDRACE SCs
We first examined the gene expression profiles of Lantang and
Landrace SCs at 72 h after seeding. The Roche NimbleGen Porcine
Genome Expression Array showed that 17,054 transcripts were
present in these SCs from two pig breeds (Fig. 1A). At a pre-
defined significance level, 1,727 transcripts were identified to be
differentially expressed between the two types of SCs. Compared
with the Landrace SCs, 1,258 transcripts in the Lantang SCs were
up-regulated and 469 transcripts were down-regulated (P< 0.05,
FC�1.5) (Fig. 1A). Microarray found that IGF-I gene expression in
Lantang SCs was lower than that in Landrace SCs at 72 h after
seeding (P< 0.05, FC�1.5), we further validated IGF-I expression
in the SCs by qRT-PCR (Fig. 1B). To confirm the differential
expression of IGF-I, we measured the IGF-I concentration in the
culture medium of Lantang and Landrace SCs by a radioimmuno-
assay and found that there was less IGF-I present in the Lantang
SCs culture medium than in the Landrace SCs culture medium
(P< 0.05) (Fig. 1C).

SUPPLEMENTATION OF IGF-I IN LANTANG AND LANDRACE SCs
In order to validate whether the same reaction to the IGF-I
between Lantang and Landrace SCs, we proceeded to further
evaluate the cellular effects of IGF-I in Lantang and Landrace SCs
by exogenously adding increasing doses of IGF-I (0 ng/mL,
10 ng/mL, 25 ng/mL, 50 ng/mL, and 100 ng/mL) to the culture
medium. Both types of SCs responded similarly to IGF-I in terms
of cell number and size, indicating that IGF-I affected the SCs
from the two pig breeds to a similar extent (data not shown).
Given that we previously observed different concentrations of
extracellular IGF-I between the Lantang and Landrace SCs, to
compensate for such a difference, we added exogenous IGF-I to
the Lantang SCs culture so that the IGF-I level in the medium
would be similar to the level in the Landrace SCs culture medium
at 72 h after seeding (Fig. 2A). Based on radioimmunoassay
analysis, 7 ng/mL of IGF-I was added to the Lantang SCs culture
medium. Similar with results in IGF-I dose response experiment,
HE staining and MTT assay showed that low dose of IGF-I
increased the cell size (Fig. 2B) but not the cell number of SCs
(P< 0.05) (Fig 2C).
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EFFECTS OF LOW-AND HIGH-DOSE IGF-I SUPPLEMENTATION ON
LANTANG SCs
To further determine the specific function of IGF-I,we treatedLantang
SCswith twodifferent doses (10ng/mL, 100ng/mL) of IGF-I. At the low
dose (10 ng/mL), IGF-I significantly increased the size of the Lantang

SCs (P< 0.05), but it had no effect on cell number (P> 0.05) (Fig. 3). In
addition, compared with control group (0 ng/mL IGF-I), the mRNA
and protein levels of Akt and S6K were found to be up-regulated
(P< 0.05) at the low (10 ng/mL) dose of IGF-I treatments (Fig. 4).

In comparison, the high-dose (100ng/mL) IGF-I supplementation
resulted in an increase in both cell size and number (Fig. 3). Moreover,
almost key genes in the mTOR pathway that we tested were
significantly overexpressed (P< 0.05) at the high (100ng/mL) dose
of IGF-I treatments (Fig. 4). In addition, the protein levels of Akt,
mTOR, eIF4E, andS6Kwere found tobeup-regulated (P< 0.05) (Fig. 4)

LOW-DOSE IGF-I AFFECTS CELL SIZE THROUGHAKT/S6K BYPASSING
mTOR
To elucidate the signaling mechanisms responsible for regulating
cell size under low-dose IGF-I, we targeted Akt and S6K with two
specific pharmacological inhibitors, MK2206 and PF4708671,
respectively. We first showed that no significant differences in
cell size were found at any time points between 24 and 60 h,
whereas a significantly greater cell size (P< 0.05) was seen at 72 h
in Lantang SCs that were treated with 10 ng/mL IGF-I (T10) than
in untreated cells (T0) (Fig. 5A and 5B). There was no significance
difference in cell number at any time points between the two
groups (Fig. 5C). Therefore, we decided to add the inhibitors in
T10 group at 60 h after seeding. After 12 h of drug treatment,
both MK2206 and PF4708671 significantly reduced cell size
(P< 0.05), as shown by HE staining and flow cytometry (Fig. 6A
and 6B). In contrast to PF4708671, MK2206 reduced cell number
in addition to cell size (Fig. 6C). To confirm whether the decrease
in cell number could be due to cell death, we also analyzed the
cell apoptosis by annexin V-FITC/PI staining and flow cytometry,
and found that there was no significant difference (P> 0.05) in
cell apoptosis among the groups (data not shown).

To determine the mechanisms behind the effects of the inhibitors on
cell size in the presence of low-dose IGF-I, we assessed the levels of
several key signaling proteins by western blot (Fig. 7). The levels of
phosphorylated Akt (Ser473) and phosphorylated S6K (Thr389) were
significantly higher in T10 than in T0 (Fig. 7A and Fig. 7D). MK2206
treatmenthadagreat effect on the level of phosphorylatedAkt (Ser473),
S6K (Thr389), and rpS6 (Ser235/236) (Fig. 7A, 7D and 7E). PF4708671
reduced the level of phosphorylated S6K (Thr389) and its downstream
target rpS6 (Ser235/236) (Fig. 7D and 7E). Neither MK2206 nor
PF4708671 affected the level of p-mTOR (Ser2481) (Fig. 7B). What’s
more, IGF-I didn’t affect the level of p-mTOR (Ser2448) and p-mTOR
(Ser2481) (Fig. 7B and 7C). To determine whether Akt and S6K co-
regulate cell size under low-dose IGF-I, MK2206, and PF4708671 were
applied simultaneously. The combination of MK2206 and PF4708671
inhibited cell size to the same extent as the individual drug treatment
(Fig. 7). The effects of the combination treatment on signaling proteins
were almost the same as those of the Akt inhibition alone.

DISCUSSION

SCs were used in our investigation because their involvement in
muscle growth appears to be linked to IGF-I. It has been shown that
injury increases IGF-I synthesis by SCs in rodents, stimulating both

Fig 1. Difference in IGF-I gene expression and concentration in Lantang and
Landrace satellite cells (SCs).SCs were cultured in DMEM/F12 medium containing
10% FBS. Cell culture medium was collected at 72h after seeding. (A) Cluster
analysis of differentially expressed genes between Lantang (T) and Landrace (L) SCs.
Hierarchical clustering based on the median center-adjusted and normalized data.
The red, green and black colors represent high, low, and absent expression levels,
respectively, (n¼ 3). Fold change�1.5 and P< 0.05. (B) qRT-PCR validation of the
microarray data on IGF-I gene expression (n¼ 12). The numbers here represent the
fold change of IGF-1 gene expression in Lantang (T) versus Landrace (L). (C) IGF-I
concentration in Lantang and Landrace SCs. IGF-I concentration in themediumwas
measured by radioimmunoassay (n¼ 12). Values are expressed as mean � SEM.
*Indicates a significant difference (P< 0.05).
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cell proliferation and differentiation into myoblasts [Edwall et al.,
1989]. Liu et al. [2008] have reported that the IGF-I gene is expressed
at a lower level in the longissimus dorsi of Lantang pigs than in that
of Landrace pigs at the age of 1 day. Our results were consistent with
their in vivo data. Based on these data, IGF-I was considered to be

different in two skeletal muscle satellite cell lines derived from two
strains of pig. It suggested that these two cell lines were propose for
further investigation of IGF-I. Moreover, IGF-I affected the two pig
breeds SCs to a similar extent, therefore, there is no difference to
select any of the two cell lines for further investigation.

Fig. 2. Effects of IGF-I supplementation on satellite cells (SCs) size and cell viability. SCs were cultured in DMEM/F12 medium containing 10% FBS and with or without IGF-I.
(A) IGF-I concentration in SCs culture medium at 72 h after seeding with the addition of exogenous IGF-I (n¼ 12). T0: Lantang SCs with DMEM/F12 (10% FBS); T0þIGF-I:
Lantang SCs with DMEM/F12 (10%FBS) and 7 ng/mL IGF-I, which equalized IGF-I concentration in the culture medium of Lantang SCs and Landrace SCs at 72 h after seeding; L0:
Landrace SCs with DMEM/F12 (10% FBS), as the control group. Measurement of cell size and viability with filling-in dose of IGF-I (7 ng/mL). (B) Cell size was measured via HE
staining at 72 h after seeding (n¼ 6). (C) Cell viability was measured using the MTT assay at 24 h, 48 h, 72 h, 96 h, 120 h, and 144 h (n¼ 20). Values are expressed as
mean � SEM. Different superscript letters indicate statistically significant differences (P< 0.05).
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Interestingly, IGF-I affected cell phenotype, andmore specifically,
activation of the mTOR pathway depending on its concentration.
Previous studies showed that IGF-I increases cell number and cell
size mainly through activation of the PI3K/Akt/mTOR pathway
[Spangenburg 2009; Fuentes et al., 2011; Sandri et al., 2013]. Our
data from the high-dose IGF-I treatment are consistent with the
findings of those studies. In contrast, we found that under low-dose
IGF-I, there was no change inmTOR phosphorylation at Ser2448 and
Ser2481. Low dose of IGF-I increased the protein level of Akt and
S6K, suggesting that Akt/S6K may be involved in mediating the

effect of IGF-I on cell size. As far as we know, this is thefirst report on
the role of IGF-I in cell growth depending on its concentrations.
Similar results have also been reported in another study showing that
a 30min incubation of quiescent human intestinal smooth muscle
cells with IGF-I (0.1–100 nM) elicited a concentration-dependent
increase in the levels of Akt and S6K phosphorylation [Kuemmerle,
2003]. Therefore, we conclude that IGF-I may stimulate cell growth
via different pathways.

MK2206 is a recently developed allosteric inhibitor that has
shown great promise in phase I clinical trials on patients with

Fig. 3. Effects of low- and high-dose IGF-I treatments on Langtang satellite cells (SCs) size and viability. Cells were cultured in DMEM/F12 medium containing 10% FBS in the
presence or absence of IGF-I. T0: Lantang SCs without IGF-I; T10: Lantang SCs with 10 ng/mL IGF-I; T100: Lantang SCs with 100 ng/mL IGF-I. (A) Cell size was measured via HE
staining at 72 h after seeding (n¼ 6). (B) Cell viability was measured using the MTT assay at 24 h, 48 h, 72 h, 96 h, 120 h, and 144 h (n¼ 20). The results are representative of
three separate experiments. Values are expressed as mean � SEM. Different superscript letters indicate statistically significant differences (P< 0.05).
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Fig. 4. Expression of key regulators of the mTOR pathway under low- and high-dose IGF-I treatments. Cells were cultured in DMEM/F12 medium containing 10% FBS in the
presence or absence of IGF-I. T0: Lantang SCs without IGF-I; T10: Lantang SCs with 10 ng/mL IGF-I; T100: Lantang SCs with 100 ng/mL IGF-I. (A-B) Quantitative real-time RT-
PCR analyses the genes mRNA abundance in satellite cells (SCs) that were treated with low- or high-dose IGF-I for 72 h after seeding (n¼ 12). GAPDH was used as an internal
control gene. Western blot analysis of Akt (C), mTOR (D), eIF4E (E) and P70S6K (F) in SCs that were treated with low- or high-dose IGF-I for 72 h after seeding (n¼ 4). The b-
actin was used as internal standard to normalization. Values are expressed as mean � SEM. Different superscript letters indicate statistically significant differences (P< 0.05).
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Fig. 5. Identification of the time at which satellite cells (SCs) size begins to increase under low-dose IGF-I treatment. Cells were cultured in DMEM/F12medium containing 10%
FBS with or without IGF-I. T0: Lantang SCs without IGF-I; T10: Lantang SCs with 10 ng/mL IGF-I. Cell size was measured by HE staining at 24 h, 36 h, 48 h, 60 h, 72 h, 84 h, and
96 h after seeding (A) and FCM analysis at 36 h, 48 h, 60 h, 72 h, 84 h, and 96 h after seeding (B) (n¼ 6). (C) Cell viability was measured using the MTT assay at 24 h, 48 h, 72 h,
96 h, 120 h, and 144 h (n¼ 20). Values are expressed as mean � SEM. *Indicates a significant difference (P< 0.05).
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Fig. 6. Effects of Akt and S6K inhibitors on satellite cells (SCs) size and viability under low-dose IGF-I treatment. Cells were cultured in DMEM/F12 medium and 10% FBS with
or without IGF-I and the inhibitors. The inhibitors were added at 60 h after seeding. T0: SCs in medium and FBS only; T10: SCs with 10 ng/mL IGF-I. DMSO: SCs with 10 ng/mL
IGF-I and 0.1%DMSO, as the inhibitor control. M: SCs with 10 ng/mL IGF-I and 3.25mmol/LMK2206. P: SCs with 10 ng/mL IGF-I and 8mmol/L PF4708671.MP: SCs with 10 ng/
mL IGF-I, 3.25mmol/L MK2206, and 8mmol/L PF4708671. Cell size was measured by HE staining (A) and FCM (B) at 72 h after seeding (n¼ 6). Cell viability was measured by
MTT at 72 h after seeding (C) (n¼ 15). Values are expressed as mean � SEM. Different superscript letters indicate statistically significant differences (P< 0.05).
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Fig. 7. Expression of mTOR pathway regulators under low level of IGF-I, Akt and S6K inhibitors treatment. Western blot analysis of the phosphorylation statue of mTOR
signaling pathway in SCs at 72 h after seeding. T0: SCs in medium and FBS only; T10: SCs with 10 ng/mL IGF-I. DMSO: SCs with 10 ng/mL IGF-I and 0.1% DMSO, as the inhibitor
control. M: SCs with 10 ng/mL IGF-I and 3.25mmol/L MK2206. P: SCs with 10 ng/mL IGF-I and 8mmol/L PF4708671. MP: SCs with 10 ng/mL IGF-I, 3.25mmol/L MK2206, and
8mmol/L PF4708671. Means presented the quantitation of the phosphorylation fold changes of Akt (A), mTOR (Ser2448, B), mTOR (Ser2481, C), S6K (D), rpS6 (E), respectively
(n¼ 4). Values are expressed as mean � SEM. Different superscript letters indicate statistically significant differences (P< 0.05).
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advanced solid tumors. In our study, MK2206 treatment blocked the
effect of low-dose IGF-I on cell size, suggesting that Akt participates
in cell size regulation. Notably, MK2206 also decreased cell number
at the same time, indicating that Akt affects both cell size and cell
number. Indeed, modulation of Akt expression produces large cell
size phenotypes [Gu et al., 2011]. In addition, MK2206 decreased the
protein level of p-S6K and p-rpS6, suggesting that Akt may affect
cell size through the S6K pathway.We further noted that low level of
IGF-I did not affect the protein level of mTOR, p-mTOR (Ser2481 and
Ser 2448), while MK2206 increased the protein level of p-mTOR
(Ser2448). As far as we know no study has ever shown that MK2206
regulated the expression of p-mTOR (Ser2448). The mechanism for
MK2206 affecting the protein level of p-mTOR (Ser2448) warrants
further study.

PF-4708671 is thefirst S6K-specific inhibitor to be reported and is
a useful tool for delineating S6K-specific roles downstream of mTOR
[Pearce et al., 2010]. In this study, inhibition of S6K clearly reduced
cell size but not cell number, suggesting that S6K may also
participate in cell growth induction under low-dose IGF-I. The role of
S6K on cell growth was first demonstrated with the finding that
inactivation of S6K in D. melanogaster resulted in severe devel-
opmental delay and lethality with a marked reduction in body and
organ size in surviving animals [Montagne et al., 1999]. Similar to
what we observed with MK2206, PF4708671 did not affect the level
of p-mTOR (Ser2481 and Ser2448), indicating that S6Kmay regulate
cell size independently of mTOR. In contrast, MEFs and myoblasts
that were isolated from S6K1�/� knockout mice displayed a reduced
cell size relative to wild-type controls but a similar cell size relative
to wild-type MEFs that were treated with catalytic inhibitors of
mTOR [Ohanna et al., 2005; Dowling et al., 2010]. Previous study
also revealed that S6K is a major downstream effector of mTORC1-
driven cell growth [Dowling et al., 2010]. mTORC1 was shown to
directly phosphorylate S6K1 at the HM site Thr389 to promote S6K1
activity [Burnett et al., 1998]. Under certain cellular conditions, S6K
can be activated independently of the mTOR pathway. Phosphatidic
acid (PA) was identified to directly interact with S6K and increase its
activity in an mTORC1-independent manner through PLD2-
mediated synthesis of PA [Lehman et al., 2007]. Liu et al. [2013]
indicated that high-frequency muscle contraction increases the
phosphorylation of S6K at Thr389 independently of mTOR. Among
many known substrates of S6K, rpS6 has been shown to be directly
involved in cell size regulation via its phosphorylation [Ruvinsky
et al., 2005]. Interestingly, we noticed that even though PF4708671
blocked rpS6 phosphorylation, the low-dose IGF-I treatment did not
increase the level of p-rpS6. It is important to note that S6K can
promote cell growth independently of rpS6 phosphorylation, as
suggested by the presence of normal levels of rpS6 phosphorylation
in small S6K�/� myotubes [Olivier et al., 1988]. The identification of
additional S6K substrates requires further research. One candidate
substrate is SKAR, which is a novel regulator of cell growth
downstream of S6K, and it has been shown that SKAR knockdown
reduces cell size [Richardson et al., 2004]. It is worth noting that
PF4708671 increases the level of p-Akt (Ser473). Previous studies
indicated negative feedback loop from S6Ks to Akt [Um et al., 2006;
Miyazaki et al., 2011]. Our data may appear to lend credence to the
belief.

In this study, no synergistic effect of MK2206 and PF4708671
treatments on cell size was observed. Based on the data, Akt and S6K
involve in the process that low-dose IGF-I enlargers cell size, while
Akt may be the upstream of S6K via directly or indirectly ways.

CONCLUSIONS

In conclusion, our results suggest that IGF-I may stimulate the
enlargement of cell size through Akt/S6K-dependent pathways. To
the best of our knowledge, this is the first report showing that low-
dose (10 ng/mL) IGF-I treatment increases cell size throughAkt/S6K-
dependent pathways. Therefore, this study highlights the signifi-
cance of cellular IGF-I concentration in cell growth regulation and
provides a new perspective on the regulation of cell growth via IGF-
I/Akt/S6K signaling pathway. The model might make an excellent
animal model for human SCs study.
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