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Abstract

The novel insulin receptor substrate protein APS is highly expressed in insulin-sensitive tissues and plays an important role in insulin-
mediated glucose uptake and GLUT4 translocation via the Cbl/CAP pathway. Tyrosine phosphorylation of APS leads to recruitment of c-
Cbl and Crk, while overexpression of APS mutant inhibits GLUT4 translocation in response to insulin, but the regulation of APS
expression in skeletal muscle has not been previously reported. L6 myoblasts were differentiated in 2% FBS and serum starved for 24 h
prior to stimulation for 24 h with either insulin 1 uM (n = 6), rosiglitazone 10 uM (n = 6), resistin 500 nM (n = 6) or the MAP kinase
inhibitor PD098059 50 uM (n = 6) for 30 min, followed by insulin 1 wM for 24 h. Semi-quantitative real-time RT-PCR was used to
determine the expression of APS mRNA relative to the control gene TF2D. APS expression was markedly upregulated by myoblast
differentiation (0.55 £ 0.08 versus 1.14 & 0.08, p = 0.001), and this effect was augmented by addition of rosiglitazone 10 wM for 24 h to
the differentiated myotubes (1.50 & 0.09, p = 0.025). Insulin caused a 3.1-fold decrease in APS mRNA expression (0.37 & 0.01 versus
1.14 £ 0.08, p = 0.001), an effect that was attenuated by the MAP kinase inhibitor PD098059 (0.80 + 0.03, p = 0.001). Exposure to
resistin produced a modest decrease (1.4-fold) in myotube expression of APS (0.8 £ 0.09, p = 0.025). In conclusion, this is the first study
to show that exposure to insulin markedly reduces the expression of APS in skeletal muscle via a MAP kinase dependent pathway, whereas
myocyte differentiation and rosiglitazone increase APS expression. Changes in APS expression may be important in the aetiology and

therapeutic reversal of insulin resistance in skeletal muscle.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Type 2 diabetes is characterised by peripheral (muscle
and fat) and hepatic insulin resistance, which in turn leads
to a reduction in insulin-stimulated glucose disposal and
overproduction of glucose by the liver. The biochemical
mechanisms of insulin resistance are complex, but autop-
hosphorylation of the insulin receptor leads to recruitment
of insulin receptor substrates which trigger a series of

Abbreviations: APS, adapter protein with a pleckstrin homology and an
Src homology 2 domain; CAP, cbl associated protein; IRS, insulin receptor
substrate; PI3, phosphatidylinositol-3; PKC, protein kinase C; PPAR-y,
peroxisome proliferators activated receptor gamma
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downstream biochemical events. At least nine insulin
receptor substrate proteins have so far been identified,
including adapter protein with pleckstrin homology (PH)
and Src homology 2 (SH2) domains (APS) [1]. APS is a
novel insulin receptor substrate, expressed exclusively in
insulin sensitive tissues, which plays an important role in
insulin mediated glucose uptake and GLUT4 translocation
via the Cbl/CAP pathway [2—4] and activation of the G-
protein TC10 [5]. That APS expression is restricted to
insulin sensitive tissues, such as skeletal muscle, heart and
fat suggests a physiological role in insulin signalling, and
APS has recently been implicated as a mechanism and
therapeutic target in insulin resistance [4].

Very little, if any, work has been undertaken on the
regulation of APS mRNA expression in insulin sensitive
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tissues, particularly skeletal muscle. Thus, the present
study investigates the regulation of APS gene expression
in skeletal muscle cells.

2. Materials and methods
2.1. Materials

L6 myoblasts, a rat skeletal-muscle-derived cell line
were obtained from ECACC (Cambridge, UK). Reagents
were obtained as follows: insulin (Sigma, Poole, UK),
rosiglitazone (GlaxoSmithKline, Worthing, UK), resistin
(R&D Systems Inc., Minneapolis, MN, USA), and
PD098059 (Pfizer, NY, USA).

2.2. Cell culture and stimulation

L6 myoblasts were cultured in Dulbecco’s Modified
Eagle’s Medium (Gibco, Paisley, UK) supplemented with
10% fetal bovine serum, glutamine 2 mM and 1% anti-
biotic/antimycotic. Differentiation was induced by cul-
turing the cells in 2% fetal bovine serum for 5 days.
Myotubes were then serum starved for 24 h prior to
stimulation for 24 h with insulin 1 puM, rosiglitazone
10 uM, resistin 500 nM or the MAP kinase inhibitor
PD098059 50 uM for 30 min prior to incubation with
insulin 1 pM for 24h (n=6 for each of four experi-
mental conditions).

2.3. mRNA extraction and optimisation of RT-PCR

Following stimulation the cells were washed with PBS
and mRNA isolated using RNAqueous kit (Ambion, Aus-
tin, TX, USA). An amount of 1 pwg mRNA was used for
reverse transcription with MMLV-Rtase (Gibco, Paisley,
UK). Primers for rat APS were obtained from Genosys
(Pampisford, UK) and relative concentrations of 100 nM
(sense) to 900 nM (antisense) produced the lowest thresh-
old cycle value. Agarose gel electrophoresis of the PCR
product confirmed a single band with no primer dimeriza-
tion. Four different control genes were evaluated, and
transcription factor 2D (TF2D) was the most stable under
the different experimental conditions.

Thus, semi-quantitative real time PCR analysis was used
to determine the expression of APS mRNA relative to
TF2D. Each sample was run in triplicate and SYBR Green
1 dye chemistry (Applied Biosystems, Warrington, UK)
was used to detect the PCR products in an ABI Prism 7700
Sequence Detector. The following oligonucleotide primers
were used:

APS primers:

Sense: 5'-CACCTTCGCCTTTCTCTGAATG-3,
Antisense: 5'-TCAAACACCGACTGGAACCA-3'.
Transcription factor 2D primers:

Sense: 5'-ATGCTCAGGGCTTGGCC-3,
Antisense: 5'-CATTGGACTAAAGATGGGAATTCC-3'.

2.4. Statistical analysis

APS expression relative to TF2D for each experimental
intervention is expressed as the mean + S.E.M. Compar-
isons between different conditions were made using a two-
tailed Mann Whitney U-test.

3. Results

3.1. APS mRNA expression is markedly increased by
differentiation of L6 myoblasts and augmented by
rosiglitazone

Differentiated L6 myotubes showed a marked increase
in APS expression compared to undifferentiated myoblasts
(0.55 £+ 0.08 versus 1.14 £ 0.08, p = 0.001). This increase
in expression was augmented by the addition of rosiglita-
zone 10 uM for 24h to the differentiated myotubes
(1.5 £ 0.09, p =0.025; Fig. 1).

3.2. Inhibitory effects of resistin and insulin on APS
mRNA expression

Co-incubation of differentiated myotubes with resistin
500 nM for 24 h resulted in a 1.4-fold reduction in APS
expression (0.80 £ 0.09 versus 1.14 4 0.08, p = 0.025). A
more pronounced (3.1-fold) reduction in APS expression
was observed in L6 myotubes exposed to insulin 1 wM for
24 h (0.37 £ 0.01 versus 1.14 + 0.08, p = 0.001), an effect
that was partially attentuated by preincubation with the
MAP kinase inhibitor PD098059 (0.60 % 0.03, p = 0.001)
(Fig. 2).
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Fig. 1. Expression of APS mRNA relative to the control gene TF2D in
undifferentiated L6 myoblasts compared with differentiated myotubes, and
myotubes exposed for 24 h to rosiglitazone 10 uM (n = 6).
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Fig. 2. Expression of APS mRNA relative to TF2D in differentiated L6
myotubes exposed to resistin 500 nM (n = 6) and insulin 1 uM (n =6). A
further experiment pretreated cells with the MAP kinase inhibitor
PD098059 prior to incubation with insulin 1 pM for 24 h.

4. Discussion

These results highlight a number of important new obser-
vations. Firstly, the differentiation dependent nature of APS
expression in muscle cells, which concurs with previous
results in adipocytes, and secondly that APS expression is
significantly up-regulated by short-term exposure to rosigli-
tazone. Cellular differentiation had a major effect on APS
expression. Various genes involved in lipid metabolism and
energy balance are regulated by PPAR response elements
and thiazolidinediones increase PPAR-y mRNA levels up to
three-fold, but to date Cbl-associated protein (CAP) is the
only insulin signalling molecule that is known to be directly
upregulated by PPARYy agonists [6]. Previous studies have
shown the importance of the Cbl-dependent pathway in
mediating the effects of rosiglitazone on PI3 kinase and
PKC-A activation, and glucose transport, in adipocytes [7].
Thus, rosiglitazone induced upregulation of APS expression
in the present study provides further evidence that thiazo-
lidinediones may potentiate insulin signalling in skeletal
muscle in part via effects on the APS/Cbl/CAP complex [3].

Resistin is an adipocyte-secreted hormone which
impairs glucose tolerance in normal mice and attenuates
insulin stimulated glucose uptake in isolated cells, but the
underlying mechanism is unclear [8]. For example, the
insulin antagonist effect of resistin occurs without affecting
insulin stimulated phosphorylation of the insulin receptor
or IRS-1, or the association of IRS-1 with PI3 kinase and
the subsequent activation of PI3 kinase and Akt [9]. The
present study suggests that resistin may affect glucose
uptake in muscle (independently of the PI3 kinase path-
way) by reducing expression of APS.

Expression of APS protein has been demonstrated in
human skeletal muscle (awaiting publication). In the pre-
sent study, it is unclear whether the changes in mRNA
expression produce corresponding changes in APS protein
and function. However, recent work has shown that APS is

the key protein recruiting both CAP and c-Cbl to the insulin
receptor, and that small changes in APS have the potential to
induce large changes in downstream signalling events that
mediate the metabolic actions of insulin in skeletal muscle
[3]. Thus, it seems likely that the two—four-fold differences
in APS gene expression observed in these experiments will
be of functional importance in muscle insulin sensitivity.

The marked down-regulation of APS expression by
insulin is consistent with the effects of insulin on other
insulin receptor substrates. For example, insulin-mediated
suppression of IRS-1 and IRS-2 is PI3 kinase dependent,
and insulin causes transcriptional suppression of the IRS-2
gene [10]. In the present study, the effect of insulin on APS
expression was at least partly attenuated by prior exposure
to the MAP kinase inhibitor.

In summary, APS has been identified as an important
insulin receptor substrate protein which affects insulin-
mediated glucose uptake and GLUT4 translocation. This
study is the first to show that APS expression in muscle
cells is differentiation dependent, up-regulated by rosigli-
tazone and down-regulated by insulin and resistin. These
effects may be important in understanding the molecular
mechanisms of insulin resistance, and the mode of action
of insulin senstizer drugs, such as thiazolidinediones.
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