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Insulin resistance is critical in the pathogenesis of type 2 diabetes. Endoplasmic reticulum (ER) stress in liver and adipose
tissues plays an important role in the development of insulin resistance. Although skeletal muscle is a primary site for in-
sulin-dependent glucose disposal, it is unclear if ER stress in those tissues contributes to insulin resistance. In this study,
we show that skeletal muscle kidney-enriched inositol polyphosphate phosphatase (SKIP), a PIP3 (phosphatidylinositol-
3,4,5-trisphosphate) phosphatase, links ER stress to insulin resistance in skeletal muscle. SKIP expression was increased
due to ER stress and was higher in the skeletal muscle isolated from high-fat-diet-fed mice and db/db mice than in that
from wild-type mice. Mechanistically, ER stress promotes activating transcription factor 6 (ATF6) and X-box binding pro-
tein 1 (XBP1)-dependent expression of SKIP. These findings underscore the specific and prominent role of SKIP in the de-
velopment of insulin resistance in skeletal muscle.

In type 2 diabetes mellitus, insulin resistance is characterized by
an impairment of glucose uptake in skeletal muscle (1–3). Skel-

etal muscle insulin resistance is considered to be an initial meta-
bolic defect in the development of this disease (4, 5). A number of
studies have suggested a relationship between human skeletal
muscle insulin resistance and the pathogenesis of type 2 diabe-
tes (6–8). A marked decrease in the insulin-induced Akt phos-
phorylation in the normal glucose tolerance in offspring of type
2 diabetes parents is observed in comparison to those of healthy
subjects (8). This implies that the molecular basis of muscle
insulin resistance is already established at the early stages of
type 2 diabetes. Despite extensive study, the molecular basis of
the initial defects in muscle insulin resistance is not well estab-
lished. Therefore, identification of the key molecules that con-
tribute to the development of muscle insulin resistance should
provide important insights into the treatment of the disease.

Previous studies have shed light on the links between obesity,
endoplasmic reticulum (ER) stress, insulin action, and type 2 di-
abetes, and the molecular mechanism of these links in the liver and
adipose tissue has been identified (9–11). Excessive fat storage
stimulates ER stress, which leads to the deregulation of insulin
signaling and plays a significant role in obesity-related pathogen-
esis (10). Release of nonesterified fatty acids from adipose tissue
triggers ER stress, which induces inflammation through the pro-
tein kinase R-like ER kinase (PERK)-eukaryotic translation initi-
ation factor 2� (eIF2�) pathway (12). The resultant expression of
cytokines such as tumor necrosis factor alpha (TNF-�) and inter-
leukin-6 (IL-6) induces increased activation of inositol-requiring
enzyme 1 (IRE1) and c-Jun N-terminal kinase (JNK), which re-
sults in serine phosphorylation of insulin receptor substrate 1
(IRS-1) to develop insulin resistance in adipose tissue (10, 13).
Although muscle insulin resistance is considered an early stage in
this pathogenesis (6–8), the molecular basis of initial defects is not
well established. Previous studies suggested that the unfolded pro-
tein response (UPR) was very weak in skeletal muscle and ER
stress was not involved in the regulation of insulin resistance (14–
16). However, increased UPR and expression of ER stress markers
have recently been demonstrated in skeletal muscle isolated from

exercising mice and mice fed on a high-fat diet (HFD) (14, 17).
The UPR is mediated by three ER transmembrane proteins,
PERK, IRE1, and activating transcriptional factor 6 (ATF6). Upon
ER stress, RNase activity of IRE1 cleaves XBP1 mRNA to form a
shorter spliced form (XBP1-s) that is translated into the transcrip-
tion factor XBP1s. XBP1s, alone or together with ATF6�, in-
creases the transcription of chaperones, such as GRP78 (18). ATF6
is constitutively expressed as an ER transmembrane full-length
90-kDa protein (p90ATF6), which is cleaved to a 50-kDa protein
(p50ATF6) in response to ER stress and acts as a transcriptional
factor that leads to the expression of XBP1 and CCAAT/enhancer
binding protein homologous protein (Chop) (18, 19).

In skeletal muscle, insulin stimulation leads to the activation of
phosphatidylinositol (PI) 3-kinase and generates phosphatidyl-
inositol 3,4,5-trisphosphate (PIP3), which activates Akt and glu-
cose uptake (20, 21). Akt translocates from cytosol to the plasma
membrane through its binding with PIP3, where it is phosphory-
lated at Ser-473 and Thr-308 (20, 22), which are both required for
full activation of Akt. Among the three Akt family kinases, only
Akt2 is implicated in the regulation of insulin-dependent glucose
homeostasis. PIP3 phosphatases hydrolyze PIP3 and attenuate the
PI 3-kinase signaling pathway. Skeletal muscle and kidney-en-
riched inositol polyphosphate 5-phosphatase (SKIP) is one of the
PIP3 phosphatases that negatively regulate insulin-dependent glu-
cose uptake in skeletal muscle (23–26). SKIP heterozygous knock-
out mice exhibit improved systemic insulin sensitivity and are
resistant to diet-induced insulin resistance (25). A euglycemic
clamp study showed an increase in the rates of glucose infusion
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FIG 1 ER stress increased SKIP expression. (A) RT-PCR analysis of C2C12 myoblast cells treated with thapsigargin or tunicamycin. Skip, Grp78, Chop, Atf6,
Xbp1, and Xbp1-s mRNA levels were measured by semiquantitative RT-PCR. Samples were loaded in duplicate. Relative amounts of these mRNAs were
quantified by densitometry and normalized to the amount of Gapdh (glyceraldehyde-3-phosphate dehydrogenase gene) mRNA. **, P � 0.01; ***, P � 0.001. (B)
Expression of SKIP, GRP78, and phospho-Akt2 in C2C12 cells treated with thapsigargin (0.1 or 0.3 �M) for 24 h and insulin (100 nM) for 30 min; protein levels
were measured by densitometry. Results are presented as the means � SEM from three independent experiments. **, P � 0.01; ***, P � 0.001. (C) C2C12
myoblast cells were treated with tunicamycin (0.05 or 0.15 �g/ml) for 24 h and then stimulated with insulin (100 nM) for 30 min. Lysates were used for Western
blot analysis. Expression of SKIP, GRP78, phospho-Akt2 (Ser-474), and phospho-Akt2 (Thr-309) were measured by densitometry. Results are presented as the
means � SEM from three independent experiments. **, P � 0.01; ***, P � 0.001. (D) RT-PCR analysis of C2C12 cells treated with palmitate (2 mM) for 18 h.
Skip, Grp78, Chop, Atf6, Xbp1, and Xbp1-s mRNA levels were measured by semiquantitative RT-PCR. Relative amounts of these mRNAs were quantified by
densitometry and normalized to the amount of Gapdh mRNA. **, P � 0.01. (E) C2C12 myoblast cells were treated with palmitate (2 mM) for 18 h prior to
stimulation with insulin (100 nM) for 30 min. Lysates were used for Western blot analysis. Expression of SKIP, GRP78, phospho-Akt2 (Ser-474), and phospho-
Akt2 (Thr-309) were measured by densitometry. Results are presented as the means � SEM from three independent experiments. *, P � 0.05.
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and insulin-stimulated glucose disposal in these mice without any
abnormalities in hepatic glucose production (25). Isolated soleus
muscle from these mice shows enhancement of insulin-dependent
Akt phosphorylation and glucose uptake (25). Mechanistically,
SKIP formed a complex with GRP78 under resting conditions
(27). SKIP relocates from the ER to the plasma membrane upon
insulin stimulation, where it binds to the activated form of p21-
activated kinase 1 (PAK1) and forms a complex with Akt2 (3). The
location of SKIP proximal to these PIP3 effectors determines the
efficiency and specificity of the termination of insulin signaling
(26). Therefore, it appears likely that SKIP is the specific regulator
for diet-induced insulin resistance in skeletal muscle (26). Thus,
the expression status of SKIP is likely to contribute to the devel-
opment of insulin resistance in this tissue. Here we show new
evidence of how diet-induced insulin resistance is developed in
skeletal muscle. ER stress increased the expression of SKIP in skel-
etal muscle, which leads to an inactivation of insulin-induced PI
3-kinase signaling.

MATERIALS AND METHODS
Materials. Antibodies raised against the C-terminal region of SKIP were
purchased from LifeSpan Biosciences, Inc. (Seattle, WA). Antibodies spe-
cific for Akt, Akt2, phospho-Akt (Ser-473), and phospho-Akt (Thr-308)
were purchased from Cell Signaling Technology (Beverly, MA). Anti-
insulin receptor �, GRP78, and IRS-1 antibodies were purchased from BD

Biosciences (Franklin Lakes, NJ). Anti-XBP1 and ATF6 antibodies for
immunoblotting were purchased from Novus Biologicals (Littleton, CO).
Palmitate was purchased from Wako Chemicals Inc. (Osaka, Japan).
Thapsigargin and tunicamycin were purchased from Nacalai Tesque Inc.
(Kyoto, Japan).

Plasmids. A 3�FLAG-tagged SKIP expression vector was generated
by cloning human SKIP into p3xFLAG-CMV8 vector (Sigma-Aldrich, St.
Louis, MO). Expression vectors for PGC-1�, ATF6, XBP1, and GRP78
were generated by cloning mouse cDNAs into pcDNA3.1(�) vector (Life
Technologies, Carlsbad, CA).

Transfection and RNA interference. Small interfering RNA (siRNA)
duplexes were purchased from Life Technologies (Carlsbad, CA). The
following oligonucleotides were used in this study: control, 5=-GAGCAA
CTGCGTGTCGAATCTCTTA-3=; mouse SKIP #1, 5=-CATAAGCCTTC
TTTCTGATGCTGCT-3=; mouse SKIP #2, 5=-GAGTCAACGTCTGCCT
GAAGCTTTA-3=; rat SKIP #1, 5=-CCATGGAGCAGTTTCTTCATGGA
TA-3=; rat SKIP #2, 5=-TCGAGGACTTTGGGCTGCTCTTTGT-3=;
mouse ATF6 #1, 5=-GGAGTCGACGTTGTTTGCTGAACTT-3=; mouse
ATF6 #2, 5=-AGAACATGGACTGACTCCAAAGAAA-3=; mouse XBP1
#1, 5=-TCTTCCCATGGACTCTGACACTGTT-3=; mouse XBP1 #2,
CAGAGTCTGCTAGTCTGGAGGAACT-3=. For transfections, 20 nmol
of control, SKIP, GRP78, ATF6, or XBP1 siRNA duplexes was transfected
into mouse C2C12 or rat L6 myoblast cells. Cells were cultured in Dul-
becco’s modified Eagle medium (DMEM) containing 10% fetal bovine
serum (FBS) for 24 h and then serum starved for another 24 h. Cells were
stimulated with insulin (100 nM) at the indicated times.

FIG 1 continued
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Immunoblotting. Cells were washed with phosphate-buffered saline
(PBS) and lysed with a cell lysis buffer containing 20 mM Tris-HCl (pH
7.5), 150 mM NaCl, 2 mM EDTA, 5 mM NaF, 1 mM Na3VO4, 1 mM
dithiothreitol, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1% Tri-
ton X-100. Cell lysates were solubilized in SDS sample buffer, boiled for 5
min, resolved by SDS-PAGE, and transferred to a nitrocellulose mem-
brane. Western blotting was carried out using the primary antibodies
described above. Alkaline phosphatase-conjugated anti-mouse and anti-
rabbit secondary antibodies (Promega, Madison, WI) were utilized. Den-
sitometry was used to quantify protein levels.

Measurement of Akt2 phosphorylation by immunoprecipitation.
Akt2 phosphorylation at Thr-309 and Ser-474 was measured as described
previously (3). Cell lysates were immunoprecipitated with Akt2 antibody
for 1 h at 4°C, and immunoprecipitates were washed with wash buffer
containing 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 50 mM NaF, 1 mM
Na3VO4, and 1 mM PMSF 5 times before they were analyzed by Western
blotting using antibodies for phospho-Akt (Thr-308) or phospho-Akt
(Ser-473). Densitometry was used to quantify protein levels.

Glucose incorporation analysis. The glucose cellular uptake mea-
surement kit (Cosmo Bio, Japan) was used to measure glucose incorpo-
ration into L6 myoblast cells according to the manufacturer’s protocol.
Cells were stimulated with insulin (10 nM) for 60 min.

Treatment of cells with palmitate, thapsigargin, or tunicamycin.
C2C12 cells grown up to 80% confluence were treated with palmitate (2
mM) for 18 h, thapsigargin (0.1 or 0.3 �M), or tunicamycin (0.05 �g/ml
or 0.15 �g/ml) for 12 or 24 h and then stimulated with insulin for 60 min.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were
performed as described previously (15) using the XBP1 M-186 antibody
(Santa Cruz Biotechnology, Dallas, TX), ATF-6 70B1413 antibody (Ab-
cam, Cambridge, MA), and the SimpleChIP Plus Enzymatic Chromatin
IP kit (Cell Signaling Technology, Beverly, MA) according to the manu-
facturer’s protocol.

Statistical analysis. Prior to analysis, we visualized all data to ensure
that they were normally distributed. Differences between treatments were
investigated using Student’s t tests. All values are listed as the means �
standard errors of the means (SEM).

Animals. Mouse experiments were performed according to the guide-
lines of the animal ethics committee of Kobe University Graduate School
of Medicine. Male C57BL/6J mice, db/� mice, and db/db mice (10 to 12
weeks old) were purchased from CLEA Japan (Tokyo, Japan). The mice
were kept on a 12-h day/night cycle, were housed in cages, and had free
access to water and normal chow or a high-fat diet (60% of calories from
fat; CLEA Japan). At 8 weeks of age, mice were switched from the normal
diet to the high-fat diet. The 8-week-old db/� and db/db mice and 32-

FIG 2 Silencing of SKIP restored ER stress-induced inhibition of insulin-dependent glucose uptake. (A) Effect of SKIP silencing and expression of 3�FLAG-
SKIP on insulin-induced phosphorylation of Akt2 at Ser-474 and Thr-309 in C2C12 cells by treatment with thapsigargin (0.1 �M, 12 h). Expression of IRS-1,
Akt2, phospho-Akt2 (Ser-474), phospho-Akt2 (Thr-309), and SKIP was measured by densitometry. Values shown have been normalized to total Akt2. *, P �
0.05; **, P � 0.01. (B) Effects of SKIP silencing on insulin-induced phosphorylation of Akt2 at Ser-474 and Thr-309 in C2C12 cells by treatment with thapsigargin
(0.1 �M, 24 h). Expression of IRS-1, Akt2, phospho-Akt2 (Ser-474), phospho-Akt2 (Thr-309), and SKIP was measured by densitometry. Values shown have been
normalized to total Akt2. **, P � 0.01; ***, P � 0.001. (C) Glucose uptake analysis in thapsigargin-treated L6 cells silencing SKIP and/or expression of
3�FLAG-SKIP. Results are presented as the means � SEM. *, P � 0.05.
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week-old C57BL/6J mice were used for the isolation of gastrocnemius
skeletal muscle.

RESULTS AND DISCUSSION

To investigate the underlying mechanisms by which SKIP regu-
lates insulin resistance in skeletal muscle, we sought to identify
whether SKIP expression is regulated by ER stress and the UPR.
Treatment for 24 h with thapsigargin or tunicamycin, agents com-
monly used to induce acute ER stress, induced increased expres-
sion of SKIP mRNA and the UPR markers GRP78, Chop, and
Xbp1-s (Fig. 1A), which was accompanied by a marked decrease in
insulin-dependent Akt2 phosphorylation at Thr-309 and Ser-474,
both of which are PIP3 dependent (Fig. 1B and C). A high concen-
tration of nonesterified fatty acids in plasma triggers ER stress and
insulin resistance in peripheral tissues (28, 29), and treatment of
C2C12 cells with the saturated fatty acid palmitate induces inac-
tivation of insulin signaling (29). We therefore evaluated the effect
of palmitate on SKIP expression in C2C12 cells. Treatment with 2
mM palmitate for 18 h increased Skip mRNA and SKIP protein
expression by approximately 50% in comparison to control di-
methyl sulfoxide (DMSO)-treated cells (Fig. 1D and E). In these
cells, expression levels of Atf6 and Grp78 mRNA were increased
(Fig. 1D) and insulin-induced Akt2 phosphorylation was de-
creased (Fig. 1E), showing an induction of the UPR. These results
suggest that ER stress triggers expression of SKIP. Next, to exam-
ine whether these increases in SKIP expression contribute to the
suppression of insulin signaling, C2C12 cells were transfected

with SKIP siRNAs. In these cells, SKIP expression levels were re-
duced to a level approximately 20 to 50% that of control cells (Fig.
2A). Insulin resistance is characterized by an inactivation of IRS-1
(10). Following thapsigargin treatment for 12 h, IRS-1 expression
and Akt2 phosphorylation were decreased to a level 40% of that of
control DMSO-treated cells; silencing of SKIP under these condi-
tions markedly increased the insulin-dependent phosphorylation
of Akt2, to a level approximately 60 to 80% of that of control
DMSO-treated cells (Fig. 2A). In contrast, expression of SKIP un-
der these conditions decreased Akt2 phosphorylation to a level of
20 to 40% of that of control DMSO-treated cells (Fig. 2A). Fur-
thermore, in cells treated with thapsigargin for 24 h, only 10% of
IRS-1 was expressed compared to control cells, while knockdown
of SKIP increased Akt2 phosphorylation 2-fold, to the level in
control siRNA-transfected cells (Fig. 2B). Expression of IRS-1 was
not altered by the knockdown of SKIP (Fig. 2A and B). In addi-
tion, in L6 myocytes, thapsigargin treatment for 12 h markedly
decreased insulin-mediated glucose uptake, which was restored by
the silencing of SKIP (Fig. 2C). These results suggest that ER
stress-dependent inhibition of insulin action is mediated not only
by inactivation of IRS-1 but also by increased expression of SKIP.

Certain of the transcription factors are activated upon activa-
tion of the UPR, including ATF6 and XBP1 (30, 31). To identify if
SKIP expression is under the control of the transcriptional factors
ATF6, XBP1, and PGC1�, expression vectors bearing these genes
were transfected into C2C12 cells and the level of Skip mRNA was

FIG 2 continued
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FIG 3 SKIP expression is under the control of the XBP1 transcription factor. (A and B) Induction of SKIP by ATF6 and XBP1 expression in C2C12 cells. Results
of semiquantitative RT-PCR (A) and Western blot analysis (B) of C2C12 cells transfected with plasmids expressing PGC-1�, ATF6�, and XBP-1. Samples were
loaded in duplicate. Relative amounts were quantified by densitometry, which were normalized to vector-transfected cells. *, P � 0.05; **, P � 0.01. Results are
presented as the means � SEM from four independent experiments. (C) ChIP assay for ATF6�, XBP1, and PGC1� in C2C12 myotube cells treated with DMSO
or thapsigargin. For input, PCRs were performed with 0.5% or 0.25% of total starting material. (D and E) Effects of knockdown of XBP1 (D) and ATF6 (E) on
SKIP mRNA expression in C2C12 cells. Skip, Grp78, Xbp1, and Atf6 mRNA levels were measured by semiquantitative RT-PCR. Relative amounts of these mRNAs
were quantified by densitometry, which were normalized to the amount of Gapdh mRNA. *, P � 0.05; **, P � 0.01. (F and G) Effects of silencing of XBP1 (F) and
ATF6 (G) on SKIP expression and insulin-induced phosphorylation of Akt2 at Ser-474 and Thr-309 upon thapsigargin (0.1 �M, 12 h) treatment in C2C12 cells.
Cells were stimulated with insulin (100 nM) for 30 min. Expression levels of phospho-Akt2 (Ser-474), phospho-Akt2 (Thr-309), and SKIP were measured by
densitometry. Values shown have been normalized to total Akt2. *, P � 0.05; **, P � 0.01. (H and I) Effects of silencing XBP1 (H) and ATF6 (I) on SKIP
expression and insulin-induced phosphorylation of Akt2 at Ser-474 and Thr-309 in C2C12 cells in the absence of thapsigargin treatment. The results of
immunoblotting are shown.
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determined by semiquantitative reverse transcription (RT)-PCR.
ATF6 is a membrane-bound transcription factor that activates
genes in the UPR (32), and overexpression of this factor in C2C12
cells resulted in increased levels of Skip, Grp78, and Chop mRNA
(Fig. 3A). Overexpression of the unspliced form of XBP1, whose
mRNA expression is induced upon ER stress (18), induced Skip
and Grp78 mRNA expression (Fig. 3A). SKIP protein expression
was also increased by the expression of ATF6� and XBP1 (Fig. 3B).
In contrast, expression of the transcriptional coactivator PGC-1�,
which protects against metabolic disease, did not change Skip
mRNA levels. ChIP and semiquantitative PCR showed that SKIP
is a target gene of XBP-1 and ATF6� (Fig. 3C) and treatment with
thapsigargin led to increases in promoter occupancy. Next, the
effects of XBP1 and ATF6 knockdown on SKIP expression were
examined. Knockdown of XBP1 and ATF6 in C2C12 cells de-
creased expressions of Grp78 and Chop mRNA, implying the de-
creases in UPR in these cells (Fig. 3D and E). Skip mRNA levels
were decreased by approximately 75% following knockdown of
XBP1 and ATF6 in comparison to control siRNA-transfected
C2C12 cells treated with 0.1 �M thapsigargin for 24 h (Fig. 3D and
E), which were accompanied by a marked decrease in SKIP pro-
tein expression and by increases in insulin-dependent Akt2 phos-
phorylation at Thr-309 and Ser-474 in comparison to control
siRNA-treated cells (Fig. 3F and G). The effects of XBP1 and ATF6
knockdown on SKIP expression and on insulin signaling in the
absence of thapsigargin treatment were also examined. However,
these cells did not show changes in SKIP protein expression and in

Akt2 phosphorylation upon insulin stimulation (Fig. 3H and I).
These results suggest that ER stress promotes SKIP expression at
both the translational and transcriptional levels, which is depen-
dent on ATF6 and XBP1 transcriptional factors. Previous studies
have reported an activation of the UPR in skeletal muscle (14). A
70% HFD for 6 weeks led to an induction of the UPR in soleus and
gastrocnemius skeletal muscle in mice (14); however, this effect is
very weak in skeletal muscle. In order to confirm an induction of
UPR and induction of SKIP expression in skeletal muscle in
mouse models of obesity, isolated gastrocnemius muscle was an-
alyzed by semiquantitative RT-PCR and immunoblotting. In the
gastrocnemius skeletal muscle in dietary (HFD) models of mouse
obesity, Grp78 and Skip mRNA expression was increased to a level
more than 2-fold that of control mice fed a normal diet (Fig. 4A).
Furthermore, in mouse genetic models of obesity (db/db mice),
Grp78 and Skip mRNA levels in gastrocnemius skeletal muscle
were increased to a level approximately twice that of control
(db/�) mice (Fig. 4B). These increases might be owing to an in-
crease in UPR in skeletal muscle, which was confirmed by in-
creased expression of ATF6 and Xbp1-s mRNA (Fig. 4A and B).
Expression of SKIP protein, as well as of GRP78, XBP1, and
p90ATF6/p50ATF6, was also greater in these dietary and genetic
models of mouse obesity than that in the control mice, respec-
tively (Fig. 4C and D). Although the spliced form of XBP1 protein
was not detected due to a weak UPR in skeletal muscle, these
results suggested increased UPR in skeletal muscle of dietary and
genetic models of obesity. Since a 50% reduction of SKIP expres-

FIG 3 continued
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FIG 4 Increased SKIP expression in skeletal muscle in diet-induced and genetic models of obesity in mice. (A and B) Semiquantitative RT-PCR analysis of Skip,
Grp78, Chop, Atf6, Xbp1-s, and Xbp1 mRNA in the gastrocnemius skeletal muscle of mice with diet-induced obesity (A) and db/db mice (B). *, P � 0.05; **, P �
0.01 (t test). Results are presented as the means � SEM from four independent experiments. (C and D) SKIP and GRP78 expression levels were examined in
lysates isolated from gastrocnemius muscle of male C57BL/6 mice kept on a normal chow diet (ND) or a high-fat diet (HFD) for 28 weeks (C) and male diabetic
model (db/db) and control (db/m�) mice that were kept for 7 to 8 weeks (D). The results of immunoblot analysis of SKIP, GRP78, ATF6, and XBP1 of the
gastrocnemius skeletal muscle isolated from these mice were shown. The positions of p90ATF6 and p50ATF6 are indicated on the left. �-Tubulin was examined
as a loading control. Results are presented as the means � SEM from four independent experiments. *, P � 0.05; **, P � 0.01 (t test).
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sion in heterozygous knockout mice resulted in a significant in-
crease in insulin signaling (25), a 2-fold increase in SKIP expres-
sion might be enough for the alteration of insulin signaling and
the development of insulin resistance. Taken together, an in-
creased expression of SKIP by ER stress contributes to an early
onset of the development of insulin resistance, and therefore SKIP
should be considered an effector of the UPR.

In conclusion, our results provide the first evidence under-
lying the molecular basis for the regulation of insulin resistance
by SKIP, which in turn explains the mechanisms by which SKIP
mediates the early onset of skeletal muscle insulin resistance
through an activation of the UPR. Under normal conditions,
expression of SKIP is comparably low (Fig. 5A). Under ER
stress conditions, such as diet-induced obesity, ATF6 and the
IRE1-XBP1 system are activated, and as a result, expression of
SKIP is increased, leading to suppression of the insulin signal-

ing pathway (Fig. 5B). Among the main canonical ER stress
transducers, ATF6 and the IRE1-XBP1 system are likely to be
essential for the expression of the genes involved in lipid bio-
synthesis and protein folding, including GRP78. Our previous
results have shown that an accumulation of SKIP at the plasma
membrane contributes to the suppression of insulin signaling
and glucose uptake; membrane-localized SKIP interacts with
an active Pak1, leading to the hydrolysis of PIP3 bound to Akt2
and PDK1 (3). Accumulation of SKIP in proximity to these
PIP3 effectors might mediate an effective inhibition of insulin
signaling under ER-stressed conditions. Elucidation of the pro-
cess by which SKIP is transferred to the plasma membrane will
lead to a better understanding of the regulation of insulin ac-
tion in skeletal muscle. Our current results suggest that induc-
tion of ER stress in skeletal muscle triggers an increase in SKIP,
which is a key link between ER stress and insulin resistance in

FIG 5 Working model for induction of insulin resistance under ER-stressed conditions. (A) Under resting conditions, SKIP localizes to the ER through binding
with GRP78, and insulin stimulation induces translocation of the SKIP-GRP78 complex from the ER to the plasma membrane. (B) ER stress triggers the unfolded
protein response, and splicing of Xbp1 mRNA induces the expression of SKIP and GRP78. Increased amounts of SKIP induce insulin resistance in skeletal muscle
cells.
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skeletal muscle, thereby making SKIP a promising target for
efforts aimed at improving insulin sensitivity and treating dia-
betes mellitus.
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