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Abstract
Aims/hypothesis The proline-rich Akt substrate of 40 kDa
(PRAS40) is a component of the mammalian target of
rapamycin complex 1 (mTORC1) and among the most
prominent Akt substrates in skeletal muscle. Yet the cellular
functions of PRAS40 are incompletely defined. This study
assessed the function of PRAS40 in insulin action in
primary human skeletal muscle cells (hSkMC).
Methods Insulin action was examined in hSkMC following
small interfering RNA-mediated silencing of PRAS40
(also known as AKT1S1) under normal conditions and
following chemokine-induced insulin resistance.
Results PRAS40 knockdown (PRAS40-KD) in hSkMC
decreased insulin-mediated phosphorylation of Akt by
50% (p<0.05) as well as of the Akt substrates glycogen
synthase kinase 3 (40%) and tuberous sclerosis complex 2
(32%) (both p<0.05). Furthermore, insulin-stimulated glu-
cose uptake was reduced by 20% in PRAS40-KD myotubes
(p<0.05). Exposing PRAS40-KD myotubes to chemokines

caused no additional deterioration of insulin action. PRAS40-
KD further reduced insulin-mediated phosphorylation of the
mTORC1-regulated proteins p70S6 kinase (p70S6K) (47%),
S6 (43%), and eukaryotic elongation 4E-binding protein 1
(100%), as well as protein levels of growth factor receptor
bound protein 10 (35%) (all p<0.05). The inhibition of
insulin action in PRAS40-KD myotubes was associated
with a reduction in IRS1 protein levels (60%) (p<0.05), and
was reversed by pharmacological proteasome inhibition.
Accordingly, expression of the genes encoding E3-ligases F-
box protein 32 (also known as atrogin-1) and muscle RING-
finger protein-1 and activity of the proteasome was elevated in
PRAS40-KD myotubes.
Conclusions/interpretation Inhibition of insulin action in
PRAS40-KD myotubes was found to associate with IRS1
degradation promoted by increased proteasome activity
rather than hyperactivation of the p70S6K-negative-feedback
loop. These findings identify PRAS40 as a modulator of
insulin action.
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Abbreviations
4E-BP1 Eukaryotic elongation 4E-binding protein 1
FBXO32 F-box protein 32
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GRB Growth factor receptor binding protein
GSK Glycogen synthase kinase
hSkMC Human skeletal muscle cells
IRβ Insulin receptor β-subunit
MCP-1 Monocyte chemoattractant protein 1
αMEM α-Modified Eagle’s medium
mTOR Mammalian target of rapamycin
(m)TORC1 (Mammalian) target of rapamycin complex 1
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MURF1 Muscle RING-finger protein-1
NT Non-target
p70S6K p70S6 kinase
PI3K Phosphatidylinositol-3′-kinase
PRAS40 Proline-rich Akt substrate of 40 kDa
PRAS40-KD PRAS40 knockdown
TSC2 Tuberous sclerosis complex 2

Introduction

The nutrient sensor mammalian target of rapamycin com-
plex 1 (mTORC1) is a key regulator of multiple anabolic
responses [1–3]. Activation of mTORC1 enhances the syn-
thesis of proteins and lipids, promotes mitochondrial function
and inhibits autophagy [1–3]. In rodent models of obesity and
hyperinsulinaemia, hyperactivation of mTORC1 signalling in
liver and skeletal muscle has been linked to inhibition of
insulin signalling [4–8]. This involves the induction of serine
phosphorylation of IRS1 by the mTORC1 substrate p70S6
kinase (p70S6K), which may result in degradation of IRS1
and thereby inhibition of insulin-mediated activation of the
phosphatidylinositol-3′-kinase (PI3K)/Akt pathway [1–3]. In
addition, stabilisation of the levels of growth factor receptor
binding protein (GRB)10 by mTORC1-mediated phosphory-
lation has been linked to inhibition of insulin action at the
level of the insulin receptor [9–11].

Disturbances in the insulin-mediated activation of the
IRS1/PI3K/Akt pathway, which facilitates GLUT4-
dependent glucose disposal in skeletal muscle, characterise
insulin resistance [12]. The impaired activity of the
IRS1/PI3K/Akt pathway also results in reduced insulin-
mediated phosphorylation of one of the most prominent
Akt substrates, the proline-rich Akt substrate of 40 kDa
(PRAS40), in skeletal muscle of humans with type 2 diabetes
and rodents fed a high-fat diet [13–15]. PRAS40 is a compo-
nent of mTORC1 [16, 17]. Yet studies of the function of this
protein within mTORC1 have yielded conflicting results
[18–23]. Silencing and overexpression studies, mostly in
immortalised cultured cell lines, have ascribed both inhibitory
and stimulatory functions to PRAS40 in the regulation of
mTORC1 activity [18–23]. Importantly, a recent study
conducted in Drosophila melanogaster shed light on these
seemingly contrasting findings, demonstrating that D.
melanogaster dPRAS40 acts as an inhibitor of TORC1 signal-
ling in a tissue-specific way that depends on post-translational
modification of the protein [24]. Because of the potential
modulation of insulin action by the mTORC1-signalling path-
way, this study aimed at further detailing the incompletely
defined function of PRAS40 in insulin action in primary
human skeletal muscle cells (hSkMC). Therefore, PRAS40
(also known as AKT1S1) was silenced in hSkMC and the
effects on insulin action were determined. In addition, we

examined whether the chemokines chemerin and monocyte
chemotactic protein 1 (MCP-1), which have been implicated
in the induction of insulin resistance in hSkMC [25, 26], exert
an additive effect in hSKMC in which PRAS40 was silenced.

Methods

Culture of human skeletal muscle cells HSkMC isolated
from rectus abdominis muscle of six healthy white donors
(three male donors of 16, 18, and 21 years of age, and three
female donors of 25, 33 and 37 years of age) were supplied
as proliferating myoblasts from PromoCell (Heidelberg,
Germany) or Lonza (Basel, Switzerland) and cultured as
described previously [27]. Briefly, myoblasts were seeded
in six-well culture dishes and were cultured in growth me-
dium containing α-modified Eagle’s (αMEM)/Ham’s F-12
medium (Gibco, Berlin, Germany) and the supplement pack
for skeletal muscle cells from PromoCell. After reaching
near confluence, differentiation into myotubes was initiated
by replacing the growth medium with αMEM containing
2% (vol./vol.) horse serum (Gibco). Cells were routinely
starved on serum-free αMEM on day 6 of differentiation
prior to insulin stimulation on day 7 of differentiation.

Knockdown of PRAS40 On day 3 of differentiation,
myotubes cultured as described above were transfected with
75 nmol/l PRAS40 or non-target (NT) siRNA (Applied
Biosystems, Carlsbad, CA, USA) using the Hiperfect re-
agent (Qiagen, Hilden, Germany). In all experiments, the
effects of two distinct PRAS40 siRNAs were compared. At
24 h after transfection, the medium was replaced and
differentiation was continued as indicated above.

RNA isolation and quantitative real-time PCR Total RNA
was extracted using the RNeasy Mini Kit (Qiagen), and
transcribed into cDNA using the Omniscript Reverse
Transcription kit (Qiagen). Gene expression levels for F-
box protein 32 (FBXO32), which is also known as atrogin-1,
IRS1, muscle RING-finger protein-1 (MURF1, also known
as tripartite motif containing 63) and PRAS40 were deter-
mined by real-time PCR using SYBR Green reagents
(Promega, Mannheim, Germany) on a Step One Plus Cycler
(Applied Biosystems). Details on the primer assays used are
provided in the electronic supplementary material (ESM)
methods. Expression levels were calculated using the
2−ΔΔCt method using PPIA and RPS28 as housekeeping
genes. The expression levels of these genes showed no
variations in response to the various treatments applied to
the hSkMC in this study.

Analysis of insulin signalling When indicated, myotubes on
day 6 of differentiation were exposed to 2 ng/ml recombinant
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human monocyte chemoattractant protein 1 (MCP-1)
(PeproTech, Hamburg, Germany) or 2 μg/ml recombinant
human chemerin (R&D Systems, Wiesbaden, Germany) in
serum-free αMEM for 24 h to induce insulin resistance.
For inhibition of protein degradation, myotubes were
incubated with 3 μmol/l of the proteasome inhibitor MG-
132 (Calbiochem, Darmstadt, Germany) for 24 h. When indi-
cated, cells were incubated with 7 μmol/l of the selective
p70S6K inhibitor PF-4708671 overnight, or 100 nmol/l
rapamycin (Calbiochem) for 15min on day 7 of differentiation,
prior to insulin stimulation (porcine insulin [Sigma Aldrich, St
Louis, MO, USA]) (10 min, 100 nmol/l).

For western blot analysis, myotubes were lysed in
50 mmol/l HEPES (pH 7.4), supplemented with 1%
(vol./vol.) Triton-X100, PhosStop, and Complete Protease
Inhibitor cocktails (Roche, Mannheim, Germany). Lysates
were tumbled for 2 h at 4°C, and cleared by centrifugation
for 20 min at 20,000 g at 4°C. Protein concentrations in the
lysates were determined using Bradford reagent (BioRad,
Munich, Germany). Thereafter, 5 μg of protein was sepa-
rated by SDS-PAGE and transferred to polyvinylidene
fluoride membrane (Millipore Corporation, Billerica, MA,
USA) in a semi-dry blotting apparatus. Blocking of mem-
branes was performed using Tris-buffered saline (TBS)
containing 0.1% Tween-20 (vol./vol.) and 5% (wt/vol.)
non-fat dry milk or 5% (wt/vol.) BSA, respectively, and
incubation with the first antibody was carried out overnight
at 4°C. The antibodies used recognised: Akt, Akt-phospho-
Ser473, Akt-phospho-Thr308, glycogen synthase kinase
(GSK)3β, GSK3α/β-phospho-Ser21/9, mammalian target
of rapamycin (mTOR), p70S6K, p70S6K-phospho-Thr389,
PRAS40, raptor, ribosomal protein S6, ribosomal protein
S6-phospho-Ser240, rictor, tuberous sclerosis complex 2
(TSC2) phospho-Thr1462 and eukaryotic elongation 4E-
binding protein 1 (4E-BP1) phospho-Thr37/46 from Cell
Signaling Technology (Danvers, MA, USA); insulin recep-
tor β-subunit (IRβ), GRB10 and TSC2 from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); GLUT4 from
Abcam (Cambridge, UK); and polyclonal IRS1 as described
[28]. After extensive washing, membranes were incubated
with corresponding secondary horseradish peroxidase-
coupled antibody (Promega, Mannheim, Germany) and pro-
tein bands were visualised by enhanced chemiluminescence
using Immobilon Western detection reagents (Millipore) on
a VersaDoc 4000 MP (BioRad) work station. Analysis
was performed with the quantity one analysis software
(Version 4.6.7). Signals were normalised by reprobing
the membranes with antibodies for glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) and β-actin (both
from Cell Signaling Technology).

In one experiment, phosphorylation of p70S6K was
assessed using the Milliplex MAP Cell Signalling Buffer
and Detection Kit (Millipore), a bead-based suspension

array using the Luminex xMAP technology. Myotubes were
lysed in 75 μl Milliplex MAP Lysis Buffer and incubated
for 20 min at 4°C. Lysates were cleared by centrifugation
and protein content was determined by the BCA Protein
Assay (Pierce, Rockford, USA). Subsequently, 10 μg of total
protein was used for measuring human phospho-p70S6K
Thr412 MAPmates with the BioPlex 200 System (BioRad).
Signals were normalised using GAPDH MAPmates and
analysed using BioPlex Manager software version 6.0
(BioRad). The signals obtained with this method were similar
to those obtained by western blotting with antibodies
recognising phospho-p70S6K-Thr389.

Glucose uptake Glucose uptake was determined in serum-
starved myotubes on day 7 of differentiation. Briefly, cells
cultured in six-well plates were kept untreated or incubated
with 100 nmol/l insulin for 30 min prior to the addition of
9.25 kBq per well 2-desoxy-D-[14C]glucose (2-DOG) for
2 h. Cells were washed with ice-cold phosphate-buffered
saline containing 0.25 μmol/l cytochalasin B and lysed in
1 mol/l NaOH; incorporated radioactivity was assessed by
liquid scintillation counting.

20S proteasome activity assay Proteasome activity was de-
termined in serum-starved myotubes grown in 96-well
plates. Analysis of the three different proteasome activities
(chymotrypsin-like, caspase-like and trypsin-like) was
performed using the Proteasome-Glo cell-based assay
(Promega) according to the manufacturer’s protocol. Briefly,
the luminogenic substrates (Suc-LLVY-Glo for the
chymotrypsin-like, Z-nLPnLD-Glo for the caspase-like and
Z-LRR-Glo for the trypsin-like activity) were mixed with
the Proteasome-Glo cell-based buffer and luciferin detection
reagent and incubated for 30 min. When indicated, cells
were incubated with 3 μmol/l MG-132 for 15 min before
100 μl of Proteasome-Glo reagent was added for an
additional 10 min to NT- or PRAS40 siRNA-transfected
myotubes on day 7 of differentiation. The luminescence
was measured using a Tecan Infinite 200 reader (Tecan,
Maennersdorf, Germany).

Statistical analysis Data are presented as means ± SEM.
Significant differences were determined by two-way
ANOVA (post-hoc test, Bonferroni multiple comparison
test) or paired two-tailed Student’s t test using Prism5
(GraphPad, La Jolla, CA, USA) software. Values of p<0.05
were considered statistically significant.

Results

Silencing PRAS40 inhibits insulin action in hSkMC PRAS40
knockdown (PRAS40-KD) in hSkMC reduced PRAS40
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mRNA expression by 70% and protein levels by ∼60%
compared with myotubes transfected with NT siRNA
(Fig. 1a and ESM Fig. 1). PRAS40-KD did not affect
protein levels of IRβ, Akt or GLUT4 (Fig. 1b-d). In con-
trast, IRS1 protein levels, but not mRNA expression, was
lowered by 60% in cells with PRAS40 KD compared with
NT-siRNA-transfected cells (Fig. 1e-f).

The effects of PRAS40-KD on IRS1 protein levels
were paralleled by a 40–50% inhibition of insulin-
mediated phosphorylation of Akt at Ser473 and Thr308
(Fig. 2a, b). In line with the reductions in Akt phosphor-
ylation, insulin-mediated GSK3β-Ser9 and TSC2-
Thr1462 phosphorylation were both reduced by ∼30%
in PRAS40-KD vs NT myotubes (Fig. 2c, d). The re-
ductions in insulin-mediated Akt, GSK3β and TSC2
phosphorylation could not be ascribed to alterations in
protein levels induced by PRAS40-KD (Fig. 1 and ESM
Fig. 2). Furthermore, two distinct PRAS40 siRNAs
yielded similar results compared with NT-siRNA-transfected
cells (ESM Fig. 3).

Insulin-stimulated glucose uptake was blunted by 20% in
PRAS40-KD cells vs NT myotubes, with similar data ob-
served for both PRAS40 siRNAs (Fig. 2f). This reduction of
the insulin-mediated activation of the IRS1/Akt-signalling
pathway was comparable to the well-characterised effects
observed after chemerin or MCP-1 treatment of hSkMC [25,
26] (Fig. 2). There was no further deterioration of insulin
action in PRAS40-KD cells treated with either chemerin or
MCP-1 (ESM Fig. 4a).

Effects of PRAS40 knockdown on mTORC1 signalling
Hyperactivation of the mTORC1-signalling pathway has
been associated with inhibition of insulin action via
p70S6K-mediated serine phosphorylation and subsequent
degradation of IRS1 [1–3], as well as through stabilisation
of the protein levels of an inhibitor of insulin action, GRB10
[9–11]. Because some studies have hinted at an inhibitory
role for PRAS40 within mTORC1 [16, 17], we next evalu-
ated whether the effects of PRAS40-KD could be ascribed
to hyperactivation of the mTORC1 pathway. To monitor
activation of the mTORC1 pathway, we first examined
the phosphorylation of the mTORC1 substrates p70S6K
and 4E-BP1. In NT siRNA myotubes, phosphorylation of
p70S6K-Thr412, its substrate ribosomal protein S6-Ser240,
and 4E-BP1-Thr37/46 was increased after insulin stimula-
tion (Fig. 3a–c). This response was completely prevented
in cells pre-treated with rapamycin (Fig. 3a–c). In
PRAS40-KD myotubes, the insulin-induced phosphoryla-
tion of p70S6K-Thr412 and S6-Ser240 were both reduced
by 47% and 43%, respectively, while the induction of 4E-
BP1-Thr37/46 phosphorylation by insulin was completely
lost (Fig. 3a–c). The inhibition of the mTORC1-signalling
pathway was further substantiated by a 35% reduction in
the amount of the mTORC1 substrate GRB10 in PRAS40-
KD myotubes and in rapamycin-treated cells vs NT siRNA
myotubes (Fig. 3d). The impaired phosphorylation of
p70S6K-Thr412, S6-Ser240 and 4E-BP1-Thr37/46 in
insulin-treated PRAS40-KD myotubes could not be as-
cribed to changes in the protein levels of these targets
(ESM Fig. 2). Importantly, PRAS40-KD affected neither
the level of mTOR nor that of the regulatory components
of mTORC1 and mTORC2, raptor and rictor, respectively
(ESM Fig. 2). In contrast to PRAS40-KD, exposure of
hSkMC to MCP-1 had no effect on insulin-mediated
p70S6K-Thr412 phosphorylation, S6-Ser240 phosphory-
lation or GRB10 level, whereas insulin-induced 4E-BP1-
Thr37/Thr46 phosphorylation was slightly impaired
(Fig. 3a–d).

Effect of inhibition of p70S6K and the proteasome on IRS1
level The observed effects on the activity of the mTORC1
pathway seem to exclude an involvement of the p70S6K-
feedback loop on the inhibition of insulin action observed in
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Fig. 1 Effect of PRAS40 silencing on the abundance of key compo-
nents of the insulin-signalling pathway. Lysates from hSkMC
transfected with either NT or PRAS40 siRNAwere analysed for protein
levels of PRAS40 (a), IRβ (b), Akt (c), GLUT4 (d) and IRS1 (e), as
well as mRNA levels of IRS1 (f). Protein levels were normalised
against GAPDH, which was not affected by the experimental
conditions used. Data are presented as representative western blots
and bar graphs showing the means ± SEM of at least four independent
experiments using cells from different donors. Values obtained for
NT-siRNA-transfected cells were considered as control and set at
100%. The effects of silencing PRAS40 on protein levels and mRNA
expression were analysed by a Student’s t test. ***p<0.001 vs cells
transfected with NT siRNA
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PRAS40-KD myotubes. To substantiate this, we examined
the effect of PF-4708671, a highly specific inhibitor of
p70S6K [29], on IRS1 abundance. Treatment with PF-
4708671 markedly induced the phosphorylation of p70S6K,
but blunted the basal and insulin-stimulated phosphorylation
of the ribosomal protein S6-Ser240 in both NT siRNA and
PRAS40-KD myotubes (Fig. 4a, b). Importantly, the decrease
in IRS1 levels in PRAS40-KD cells could not be restored by
PF-4708671 (Fig. 4c).

As PRAS40-KD inhibits mTORC1 signalling, and in-
hibition of mTORC1 activity has been linked to increased
protein degradation by increased activity of the ubiquitin-
proteasome system [30, 31], we next examined whether
mRNA expression of the muscle-specific E3-ligases

FBXO32 and MURF1, which are increased in mice het-
erozygous for mTOR [30], is affected by PRAS40-KD. As
shown in Fig. 5a, b, the mRNA levels of FBXO32 and
MURF1 were increased in PRAS40-KD vs NT siRNA
myotubes. Furthermore, the chymotrypsin- and caspase-
like activities of the 20S proteasome were increased in
PRAS40-KD vs NT siRNA myotubes (Fig. 5c, d). In
contrast, there was no significant difference in the
trypsin-like proteolytic activity between PRAS40-KD and
NT siRNA myotubes (Fig. 5e), although all proteolytic
activities examined were sensitive to the proteasome in-
hibitor MG-132 (Fig. 5c–e).

MG-132 was then used to examine whether the reduc-
tions in IRS1 protein level could be ascribed to protein

- +        - +         - +         - +
NT siRNA Chemerin MCP-1 PRAS40 siRNA

pAkt-Ser473

Insulin:       

pAkt-Thr308

pGSK3β-Ser9

pTSC2-Thr1462

GAPDH

a b

c d

e f

Fig. 2 Effect of PRAS40 silencing and chemokines on insulin-
mediated activation of the Akt-signalling pathway and the regulation of
glucose uptake. Lysates from hSkMC transfected with either an NT or
PRAS40 siRNA, and exposed to chemerin or MCP-1 prior to insulin
stimulation were analysed for phosphorylation of Akt-Ser473 (a), Akt-
Thr308 (b), GSK3β-Ser9 (c), and TSC2-Thr1462 (d). Signals were
normalised against GAPDH, which was not affected by the experimen-
tal conditions used. Data are presented as representative western blots
(e) and bar graphs showing the means ± SEM of the phosphorylation
levels obtained in at least five independent experiments using cells
from different donors. The values obtained for NT-siRNA-transfected

insulin-treated cells were considered as control and set at 100%. The
effects of PRAS40 silencing on insulin-mediated glucose uptake (f) are
shown as the means ± SEM of six independent experiments using cells
from different donors, and using two distinct PRAS40 siRNAs. The
effects of the chemokines and silencing PRAS40 on insulin action were
analysed using a two-way ANOVA followed by post-hoc Bonferroni
testing for multiple comparisons. White bars, basal conditions; black
bars, insulin-treated cells. ***p<0.001, **p<0.01 and *p<0.05 vs cells
transfected with NT siRNA; †p<0.05 for the effect of insulin-treated
(+) vs untreated cells (−). pAkt, phosphorylated Akt; pGSK3β, phos-
phorylated GSK3β; pTSC2, phosphorylated TSC2
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degradation. As shown in Fig. 6a, MG-132 increased IRS1
protein by 1.3- and threefold in NT siRNA and PRAS40-KD
myotubes, respectively. Although the level of PRAS40 was
increased by 1.4-fold by MG-132 in both NT siRNA and
PRAS40-KD myotubes, levels of PRAS40 were still re-
duced by 56% when comparing PRAS40-KD with NT
siRNA myotubes (Fig. 6b). The increase in IRS1 level in
MG-132-treated PRAS40-KD myotubes was paralleled by a
restoration of insulin-mediated phosphorylation of Akt-
Ser473 (Fig. 6c). Treating myotubes with MCP-1, which
does not affect mTORC1 signalling, had no effect on
FBXO32 and MURF1 expression (Fig. 5a, b). However,
chronic exposure of myotubes to MCP-1 also led to a
reduction in IRS1 protein level (Fig. 6d) and, similar to
PRAS40-KD cells, MG-132 fully restored IRS-1 protein
levels and insulin action in hSkMC exposed to MCP-1
(Fig. 6d, e).

Discussion

The present study shows that knockdown of PRAS40 abro-
gates the insulin-mediated activation of the Akt pathway
regulating glucose uptake in hSkMC. These effects involve
a reduction in the protein levels of IRS1. Importantly, the
reduction in IRS1 protein levels cannot be ascribed to a classic
negative regulator of insulin action, the mTORC1/p70S6K-
feedback loop. Rather, knockdown of PRAS40 was found to
increase the activity of the proteasome; the reduction in IRS1
levels as well as the associated inhibition of insulin action
following PRAS40-KD could be restored by inhibition of the
proteasome. These findings suggest that PRAS40 can act as a
modulator of insulin action and exerts its action by regulating
the activity of the proteasome.

Previous studies have reported contrasting findings for
the effects of PRAS40 on insulin action [16]. In HEK293
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Insulin:         - +       - +        - +       - +
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siRNARapa

Fig. 3 Effects of PRAS40 knockdown on mTORC1 signalling.
Lysates from hSkMC transfected with either NT or PRAS40 siRNA
and exposed to MCP-1 or rapamycin prior to insulin stimulation were
analysed for phosphorylation of p70S6K-Thr412 (a) using a Milliplex
assay, whereas phosphorylation of ribosomal protein S6-Ser240 (b)
and 4EBP1-Thr37/46 (c) and levels of GRB10 (d) were determined by
western blotting. Signals were normalised against GAPDH levels,
which were not affected by the experimental conditions used. The
bar graphs show the means ± SEM of the phosphorylation levels

obtained in at least six independent experiments using cells from
different donors. White bars, basal conditions; black bars, insulin-
treated cells. The values obtained for NT-siRNA-transfected insulin-
treated cells were considered as control and set at 100%. The effects of
the various conditions on mTORC1 signalling were analysed using a
two-way ANOVA followed by post-hoc Bonferroni testing for multiple
comparisons. ***p<0.001, **p<0.01 and *p<0.05 vs cells transfected
with NT siRNA; †p<0.05 for the effect of insulin-treated (+) vs
untreated (−) cells. Rapa, rapamycin

Diabetologia (2013) 56:1118–1128 1123



cells, neither knockdown nor overexpression of PRAS40
affected insulin-mediated Akt phosphorylation [22]. Yet, in
line with our findings with hSkMC, knockdown of PRAS40
resulted in the degradation of IRS1 in 3T3L1 adipocytes,
HepG2 cells and C2C12 myoblasts [21, 32], and reduction
of insulin-mediated Akt phosphorylation in 3T3L1 adipo-
cytes and HepG2 cells [21]. In one report, an increased basal

phosphorylation of p70S6K was observed in PRAS40-KD
cells, which may contribute to the degradation of IRS1
through phosphorylation of IRS1 on Ser636 and 639 [21].

pS6-Ser240

GAPDH

a

p-p70S6K-Thr389

GAPDH

Insulin: - +      - +      - +      - +       - +      - + 
Vehicle Rapa PF Vehicle Rapa PF

NT siRNA PRAS40 siRNA

b

Insulin: - +      - +      - +      - +       - +      - + 
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PF: - +             - +

NT siRNA PRAS40 siRNA

IRS1

GAPDH

c

Fig. 5 Effect of PRAS40 knockdown on determinants of proteasome
activity. HSkMC transfected with either NT or PRAS40 siRNA were
analysed for mRNA expression of FBXO32 (a) and MURF1 (b), and
for chymotrypsin-like (c), caspase-like (d) and trypsin-like (e)
proteasome activity. Data are expressed as means ± SEM of at least
five independent experiments using cells from different donors. The
values obtained for NT-siRNA-transfected cells were considered as
control and set at 100%. The effects of silencing PRAS40 and of
MCP-1 exposure on gene expression were analysed by ANOVA
followed by post-hoc Bonferroni testing for multiple comparisons.
**p<0.01 vs cells transfected with NT siRNA. The effects of silencing
PRAS40 and exposure to MG-132 on proteasome activity were analysed
by two-way ANOVA. ***p<0.001 and **p<0.01 vs cells transfected with
NT siRNA; †††p<0.001 and ††p<0.01 for the effect of MG-132 vs basal
level

Fig. 4 Pharmacological inhibition of p70S6K activation does not
prevent IRS1 degradation induced by PRAS40 knockdown. Lysates
from hSkMC transfected with either NT or PRAS40 siRNA and ex-
posed to DMSO (vehicle), rapamycin or PF-4708671 prior to insulin
stimulation were analysed for phosphorylation of p70S6K-Thr389 (a),
ribosomal protein S6-Ser240 (b) and protein levels of IRS1 (c). Signals
were normalised for GAPDH abundance, which was not affected by
the experimental conditions used. The bar graphs are the means ± SEM
of the phosphorylation levels obtained in at least five independent
experiments using cells from different donors. White bars, basal con-
ditions; black bars, insulin-treated cells. The values obtained for NT-
siRNA-transfected insulin-treated cells were considered as control and
set at 100%. The effects of rapamycin, PF-4708671 and PRAS40-KD
on p70S6K-Thr389, ribosomal S6-Ser240 phosphorylation and IRS1
levels were analysed using a two-way ANOVA followed by post-hoc
Bonferroni testing for multiple comparisons. ***p<0.001, **p<0.01
and *p<0.05 for the comparisons indicated in the bar graphs. Rapa,
rapamycin; PF, PF-4708671

�
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Accordingly, overexpression of PRAS40 impaired the
insulin-mediated phosphorylation of the mTORC1 sub-
strates p70S6K and 4E-BP1 [19, 20, 22, 23]. These findings
led to the suggestion that the dissociation of phosphorylated
PRAS40 from raptor could promote downstream mTORC1
signalling by increasing substrate binding to raptor [16, 17].
However, this proposed function for PRAS40 is in contrast
with our findings on hSkMC and multiple other studies [16,
22, 33, 34]. In HEK293E cells, the dissociation of PRAS40
from raptor was found to increase 4E-BP1 binding to raptor,
but not to affect the basal or insulin-stimulated phosphory-
lation of p70S6K and 4E-BP1 [33]. In other studies, includ-
ing the present one, the silencing of PRAS40 impaired both
the basal and the insulin-stimulated activation of the
mTORC1 pathway [22, 34]. In PRAS40-KD hSkMC, this
is illustrated by reduced phosphorylation of the p70S6K-
Thr412, ribosomal protein S6-Ser240 and 4E-BP1-
Thr37/Thr46 and, for the first time, also by a reduced level

of GRB10, a newly identified mTORC1 substrate that has its
levels stabilised through phosphorylation bymTORC1 [9–11].
Although genetic evidence obtained in D. melanogaster hints
at a tissue-specific regulation of the drosophila TORC1
pathway by drosophila PRAS40 [24], the impaired activa-
tion of the mTORC1 signalling pathway by insulin in the
present study most likely results from a reduced activation
of the IRS1–Akt–TSC2 axis in PRAS40-KD myotubes,
rather than from a direct role for PRAS40 in the regulation
of mTORC1 signalling [16, 17].

A novel finding of the present study is the recognition
that PRAS40 participates in the regulation of proteasome
activity, as illustrated by elevated mRNA expression of the
E3-ligases FBXO32 and MURF1, as well as the increased
activity of the proteasome in PRAS40-KD myotubes. Im-
portantly, pharmacological inhibition of the proteasome re-
versed the reduction in IRS1 protein levels and the impaired
insulin-mediated phosphorylation of Akt in PRAS40-KD
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Fig. 6 Inhibition of the proteasome prevents the induction of IRS1
degradation and insulin resistance by PRAS40 knockdown and MCP-
1. Lysates from untransfected hSkMC, or cells transfected with either
NT or PRAS40 siRNA and incubated with MG-132 or MCP-1 prior to
insulin stimulation were analysed for protein levels of IRS1 (a, d) and
PRAS40 (b), as well as for phosphorylation of Akt-Ser473 (c, e). The
protein signals were normalised against GAPDH level, which was not
affected by the experimental conditions used. Data are presented as
representative western blots and bar graphs showing the means ± SEM

of the phosphorylation levels obtained in at least five independent
experiments using cells from different donors. The values obtained
for NT-siRNA-transfected cells (a–c) or untransfected cells (d, e) were
considered as control and set at 100%. The effects of silencing PRAS40
and of exposure to MCP-1 and MG-132 were analysed by two-way
ANOVA. ***p<0.001 and *p<0.05 vs cells transfected with NT
siRNA; †††p<0.001 and ††p<0.01 for MG-132 vs basal level; ‡p<
0.05 for the effect of insulin-treated (+) vs untreated (−) cells; §§§p<
0.001 and §p<0.05 vs untransfected cells
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myotubes. This indicates that PRAS40 may affect insulin
action by regulating the protein levels of IRS1 through the
proteasome rather than the mTORC1/p70S6K-feedback
loop. Accordingly, inhibition of p70S6K activity did not
prevent the reduction in IRS1 protein level in PRAS40-
KD myotubes. Previous studies already linked the
proteasome-mediated degradation of IRS1 to the inhibition
of insulin action in response to hyperinsulinaemia [35, 36]
and inflammation [37]. In this context, multiple E3-ligases,
including F-box only protein 40, CBLB, and F-box/WD
repeat-containing protein 8, have been linked to IRS1 deg-
radation in response to hyperinsulinaemia, inflammation
and chronic exposure to insulin-like growth factor 1
[37–41]. Furthermore, increased expression of Fbxo32 and
Murf1 associated with reduced activation of the PI3K/Akt
pathway by insulin was described in skeletal muscle of
db/db mice [42]. Interestingly, restoration of insulin
sensitivity in skeletal muscle of this animal model by
rosiglitazone was accompanied by reductions in the expres-
sion of Fbxo32 and Murf1 [42]. Although these observa-
tions are fully in line with our study, further studies are
required to assess whether FBXO32 and MURF1 function
as genuine IRS1 ligases.

Another aspect that remains to be addressed is the mo-
lecular mechanism by which PRAS40 regulates the activity
of the proteasome. One may speculate that the effects of
PRAS40-KD on the proteasome result from inhibition of
mTORC1 activity. In primary rat hepatocytes, short-term
pharmacological inhibition of mTOR was found to reverse
the inhibition of the ubiquitin-proteasome pathway by insu-
lin and amino acids [31]. Furthermore, skeletal muscle of
mTOR-heterozygous mice displays elevated levels of the E3
ligases FBXO32 and MURF1 [30]. However, mTOR
heterozygosity was not paralleled by alterations in IRS1
expression in these animals [30]. Furthermore, short-term
treatment of 3T3L1 adipocytes with rapamycin does not
result in abrogation of insulin-stimulated glucose transport
[43]. Finally, in mice with a muscle-specific deletion of
raptor, a critical component of the mTORC1 complex,
expression of Fbxo32 and Murf1 was decreased [44].
Alternatively, the reduction in GRB10 levels in PRAS40-
KD myotubes may participate in the activation of the
proteasome. GRB10 has been found to protect the vascular
endothelial growth factor receptor from ubiquitin-mediated
degradation in HEK293 cells [45]. Although GRB10 has
been identified as a negative regulator of the insulin receptor
[10], IRS1 levels are markedly reduced in skeletal muscle
from mice with a targeted disruption of either GRB10 alone,
or combined with the related GRB14 protein [46, 47].
Intriguingly, in muscle from the Grb10-knockout mouse,
insulin-induced tyrosine phosphorylation of IRS1 was in-
creased, whereas insulin-induced phosphorylation of Akt-
Ser473 was decreased [46]. In muscle from the combined

Grb10/Grb14-knockout mouse, marked decreases were ob-
served in insulin-stimulated IRS1 phosphorylation [47]. Al-
though it remains to be clarified whether the reductions in
IRS1 protein level in the Grb10-deficient animal models
result from increased degradation of IRS1, these findings
do not exclude the possibility that the reductions in
GRB10 protein levels could contribute to the inhibition
of insulin action observed in PRAS40-KD myotubes.
Collectively, these findings clearly indicate that further
studies are required towards the identification of the
signalling pathways linking PRAS40 to the regulation
of proteasome activity.

We further observed that exposing PRAS40-KD
myotubes to chemokines did not result in an additional
deterioration of insulin action. This indicates that PRAS40-
KD and chemokines may use the same pathway to inhibit
insulin action. Indeed, chronic exposure of hSkMC to MCP-1
resulted in degradation of IRS1, which could be reversed by
inhibition of the proteasome. However, whereas PRAS40-KD
led to inhibition of mTORC1 signalling, MCP-1 treatment
had no effect on mTORC1 signalling in myotubes. This
suggests that MCP-1 promotes degradation of IRS1
through other mechanisms, such as the induction of serine
phosphorylation of IRS1 by members of the mitogen
activated protein (MAP) kinase family [48]. These inhib-
itory serine phosphorylations facilitate the binding of 14-3-
3 proteins to IRS1 and target the protein for degradation
[49]. In support of this possibility is the observation that
inhibition of the extracellular-signal-regulated kinase path-
way in hSkMC reverses the impairment of insulin action
induced by MCP-1 [25].

Collectively, this study provides novel insights into the
function of one of the most prominent substrates for Akt,
PRAS40, in skeletal muscle. Rather than the previously
suggested p70S6K negative-feedback loop, our findings
suggest that PRAS40 may, by affecting the activity of the
proteasome, modulate insulin action via regulation of IRS1
abundance.
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