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Insulin controls glucose homeostasis and lipid metabolism, and insulin impairment plays a critical role in the
pathogenesis of diabetes mellitus. Human skeletal muscle and kidney enriched inositol polyphosphate phosphatase
(SKIP) is a member of the phosphatidylinositol 3,4,5-trisphosphate phosphatase family (T. Ijuin et al. J. Biol.
Chem. 275:10870-10875, 2000; T. Ijuin and T. Takenawa, Mol. Cell. Biol. 23:1209-1220, 2003). Previous studies
showed that SKIP negatively regulates insulin-induced phosphatidylinositol 3-kinase signaling (Ijuin and Tak-
enawa, Mol. Cell. Biol. 23:1209-1220, 2003). We now have generated mice with a targeted mutation of the mouse
ortholog of the human SKIP gene, Pps. Adult heterozygous Pps mutant mice show increased insulin sensitivity and
reduced diet-induced obesity with increased Akt/protein kinase B (PKB) phosphorylation in skeletal muscle but not
in adipose tissue. The insulin-induced uptake of 2-deoxyglucose into the isolated soleus muscle was significantly
enhanced in Pps mutant mice. A hyperinsulinemic-euglycemic clamp study also revealed a significant increase in the
rate of systemic glucose disposal in Pps mutant mice without any abnormalities in hepatic glucose production.
Furthermore, in vitro knockdown studies in L6 myoblast cells revealed that reduction of SKIP expression level
increased insulin-stimulated Akt/PKB phosphorylation and 2-deoxyglucose uptake. These results imply that SKIP
regulates insulin signaling in skeletal muscle. Thus, SKIP may be a promising pharmacologic target for the

treatment of insulin resistance and diabetes.

Glucose homeostasis is controlled by insulin, which stimu-
lates glucose transport in skeletal muscle, liver, and adipose
tissues (1, 23, 28). One of the metabolic responses to insulin
stimulation is glucose incorporation and glycogen synthesis in
these tissues. Defects in insulin action in these tissues lead to
insulin resistance and type II diabetes (23, 28). Type II diabetes
is a polygenic disease affecting a large and growing population
worldwide. Insulin signaling requires the generation of phos-
phatidylinositol 3,4,5-trisphosphate [PtdIns(3,4,5)P;] mediated
by phosphatidylinositol 3 (PI13)-kinase and the subsequent ac-
tivation of Akt/protein kinase B (PKB), which acts on various
downstream effectors of the metabolic actions of insulin (15,
19). PtdIns(3,4,5)P; phosphatases have similar biochemical
functions, and they are potent modulators of the PI3-kinase
signaling pathway. Among PtdIns(3,4,5)P; phosphatases,
PTEN (phosphatase and tensin homologue deleted on chro-
mosome 10) and SHIP2 (Src homology domain 2 [SH2]-con-
taining inositol 5-phosphatase 2) are reported to participate in
negative regulation of the insulin signaling pathway (9, 19, 20,
21). PTEN is a negative regulator of the PI3-kinase signaling

* Corresponding author. Mailing address: Division of Lipid Bio-
chemistry, Kobe University Graduate School of Medicine, Kobe 650-
0017, Hyogo, Japan. Phone: 81 78 382 5704. Fax: 81 78 382 6271.
E-mail: takenawa@med.kobe-u.ac.jp.

$#T.I. and Y.E.Y. contributed equally to this work.

+ Supplemental material for this article may be found at http://mcb
.asm.org/.

¥ Published ahead of print on 23 June 2008.

5184

pathway and was first described as a tumor suppressor. A null
mutation of Pfen in mice resulted in embryonic lethality, and
hepatocyte-specific deletion in mice caused tumor progression
(11). Type 1I diabetes-associated PTEN polymorphisms have
been reported (14). Skeletal muscle-specific deletion of Pren in
mice protects against diet-induced insulin resistance and dia-
betes (30). Adipose tissue-specific deletion of Pfen in mice
resulted in enhanced insulin sensitivity and resistance to strep-
tozotocin-induced diabetes (17). SHIP2 is a lipid phosphatase
that hydrolyzes the 5’ phosphate from PtdIns(3,4,5)P;. Over-
expression of SHIP2 inhibited insulin signaling, leading to glu-
cose uptake and glycogen synthesis in 3T3-L1 adipocytes and
L6 myotube cells (24, 25). SHIP2-deficient mice are physically
normal, have normal glucose and serum insulin levels, and
have normal insulin and glucose tolerances on a chow diet but
are highly resistant to diet-induced obesity (4, 26).

Skeletal muscle and kidney enriched inositol polyphosphate
phosphatase (SKIP)is a phosphoinositide phosphatase that hy-
drolyzes PtdIns(3,4,5)P; and plays a negative role in insulin
signaling in L6 myoblast cells (13). To understand the precise
role of SKIP in insulin signaling in vivo, we mutated the mouse
ortholog of the SKIP gene, Pps, using embryonic stem (ES) cell
technology (3, 22).

MATERIALS AND METHODS

Generation of Pps®™™!/+ mice. A pair of Pps-specific PCR primers (5'-CCA
GTC TCT GGC TAC TGA ACT G-3' and 5'-AGA TCC CAG CAC CCA CAT
AGA A-3") was used to screen an arrayed library of targeting vectors (32). A
prototype vector was isolated from a 5" Hprt vector mouse genomic library with
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FIG. 1. The Pps®@"! allele and the phenotypic analysis of Pps®#"//+ mice. (A) Schematic of the genomic Pps locus, the insertional targeting
vector (pTVPps), and the targeted allele Pps®“!. Restriction sites are as follows: B, Bcll; R, EcoRI. Triangle, loxP; Neo, neomycin-resistance gene
cassette; 5'-Hprt, nonfunctional 5'-Hprt cassette. The probes and diagnostic restriction fragments are indicated. (B) Southern blot genotyping of
agouti offspring of chimeras was performed with EcoRI-digested tail DNA and probe A. Southern blot genotyping of embryonic day 7.5 embryos,
generated by intercrossing of Pps®“™!/+ mice, was done with Bcll-digested DNA and probe B. (C) Northern blot analysis of total RNA from
quadriceps of wild-type and Pps®®"’/+ mice. Pps and Gapdh cDNA fragments were used as probes. (D) Western blot analysis of SKIP, SHIP2,
and PTEN using quadriceps lysates of Pps®“"//+ mice (n = 6) and wild-type mice (n = 6). Quantification of the Western blotting assay was

analyzed by densitometry. WT, wild type.

homology extending from nucleotide position 75361049 to 75367519. The final
targeting vector, pT'VPps, was prepared by deleting a 1,040-bp Hpal-BstBI frag-
ment from the genomic homology region.

ES cell culture, electroporation, G418 selection, Southern blot screening of ES
cell clones, and generation of germ line chimeras were performed as described
previously (3, 31). Targeted clones were identified by Southern blotting of EcoRI
digests with probe A. Potentially heterozygous progeny from the chimeras were
identified visually by coat color and confirmed by Southern blot analysis of tail
DNA:s.

Southern blot screens with EcoRI digests of tail DNAs and probe A were used
to distinguish the wild-type from the Pps®¥"! allele; Bell digests and probe B
(Fig. 1A) were used to differentiate between heterozygous and homozygous
mutants. Probe A is the Hpal-BstBI fragment of the targeting vector; probe B is
a PCR product amplified with primers 5'-CTG CCC AGC ATG AAA TCT CTT
GAG TG-3" and 5'-ATG CCC CCT GTG ATA TCA GCA GGT TA-3' from the

targeting vector and is located external to the homology region of the targeting
vector. For Northern blot analysis, 10 g per lane of total RNA from quadriceps
was used, and mouse cDNA fragments coding for Pps and Gapdh were used as
probes.

Metabolic studies of mice and histology of mouse tissues. Pps®"#"!/+ mice
were backcrossed to C57BL/6J mice for at least five generations. Mice were fed
with CA-1 (CLEA Japan Inc.) for the normal chow diet and with Quick Fat
(CLEA) for the high-fat diet (HFD). Beginning at 4 weeks of age, male mice
were fed either the normal chow diet or the high-fat diet and monitored for 6
months. Daily food intake and body length were measured at 12 weeks of age.
Serum samples were obtained from male mice between 15 to 18 weeks of age and
analyzed for the serum chemistry parameters. Serum triglycerides, nonesterified
fatty acid (NEFA), and cholesterol were determined with commercially available
diagnostic kits (WAKO). Serum leptin, adiponectin, and insulin were measured
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by enzyme-linked immunosorbent assay (leptin, Linco, Inc.; adiponectin, R&D
Systems; insulin, Morinaga, Inc.).

Hyperinsulinemic-euglycemic clamp. Hyperinsulinemic-euglycemic clamp
analysis was performed as described previously (16), with minor modifications.
Briefly, 5 to 7 days before the clamp, mice were anesthetized with sodium
pentobarbital (80 to 100 mg/kg of body weight, intraperitoneally), and a catheter
was inserted into the right internal jugular vein for infusion. The analysis was
performed under nonstressful conditions with conscious mice that had been
deprived of food overnight for 4 h. [3-*H]glucose was infused for 2 h at a rate of
0.05 p.Ci/min before initiation of the clamp, and a blood sample was collected at
the end of this period to estimate basal glucose turnover. After a bolus injection
of [3-*H]glucose (10 wCi; NEN Life Science) and the onset of subsequent
continuous infusion of [3-*H]glucose (0.1 wCi/min), a hyperinsulinemic-euglyce-
mic clamp was applied for 120 min with continuous infusion of insulin at a rate
of 2.5 mU/kg of body weight per min. Plasma glucose concentration was moni-
tored every 10 min, and 30% glucose was infused at a variable rate to maintain
plasma glucose at basal concentrations. Blood samples were collected 80, 90, 100,
110, and 120 min after the onset of the clamp for determination of the plasma
concentrations of [3->H]glucose and H,O. The rates of glucose disposal and
hepatic glucose production were calculated as described previously (16). Soleus
muscle and epididymal white adipose tissue (EWAT) were isolated 130 min after
the onset of the clamp for determination of Akt/PKB phosphorylation.

Glucose and insulin tolerance tests. Wild-type and Pps®@!/+ male mice (15
to 18 weeks of age) were fasted overnight before intraperitoneal injection with
either p-glucose (2.0 g/kg of body weight) or insulin (0.5 U/kg of body weight).
Blood samples were collected at the time points indicated in Fig. 3A and B and
in Fig. S2B in the supplemental material. Blood glucose concentrations were
analyzed with a blood glucose test meter (SKK).

2-Deoxyglucose incorporation analysis. *H-labeled 2-deoxyglucose and
[**C]mannitol (Amersham Biosciences) were used to measure incorporation of
2-deoxyglucose in L6 myoblast cells expressing GLUT4 and soleus muscle iso-
lated from mice. Insulin-induced incorporation of 2-deoxyglucose was measured
as described previously (11, 23). Briefly, L6 cells or muscles were preincubated
with 2-[*H]deoxyglucose and mannitol. The cells were then stimulated with
insulin (0 to 100 nM) for 60 min. Cells were washed, harvested, and solubilized
with Soluene 300 (Wako). Incorporation of 2-[?’H]deoxyglucose was measured by
liquid scintillation counting.

Measurement of insulin signaling in vivo. Wild-type and Pps®"!/+ mice
were fasted overnight and injected intravenously with insulin (1 U/kg of body
weight). Quadriceps muscle and EWATSs were isolated from wild-type and
PpsBr@m1/+ mice and homogenized to prepare the lysates. Protein extract (50 p.g)
was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis for
Western blot analysis. Antibodies specific for Akt/PKB, phospho-Akt/PKB, p70
S6 kinase, phospho-p70 S6 kinase, glycogen synthase kinase 33 (GSK3B), phos-
pho-GSK3, insulin receptor, actin, SKIP, PTEN, and SHIP2 were used. Anti-
Akt/PKB and anti-p70 S6 kinase antibodies were from Santa Cruz Biotechnol-
ogy. Anti-insulin receptor, anti-GSK3B, anti-Myc, and anti-phosphospecific
antibodies were from Cell Signaling Technology. SHIP2 antibody was from
Upstate Biotechnology. Anti-SKIP antibodies were generated as described pre-
viously (13). The protein levels were quantified by densitometry.

Transfection and RNA interference. RNA interference oligonucleotides cor-
responding to rat SKIP were subcloned into the pSIREN-DNR vector (BD
Clontech). Human SKIP, human PTEN, or rat SHIP2 were cloned into
pCMV-3B vector (Stratagene). The full-length or N-terminal truncated isoform
gene of SKIP in pCAGGS vector was generated as previously reported (12).
These constructs were cotransfected into L6 cells with a positive selection
marker. Cells were serum deprived for 20 h and stimulated with insulin (0 to 100
nM). Lysates were analyzed by immunoblotting.

Phosphoinositide phosphatase activity assay. PtdIns(3,4,5)P; and phosphati-
dylinositol 4,5-biphosphate [PtdIns(4,5)P,] were purchased from Cell Signals,
and [*H]PtdIns(4,5)P, was purchased from PerkinElmer, Inc. [**P]PtdIns(3,4,5)-
P was generated with the PI3-kinase p110a subunit as described previously (12).
Glutathione S-transferase or glutathione S-transferase-conjugated full-length
SKIP or an N-terminal truncated isoform of SKIP was expressed with a baculo-
virus expression system and incubated with the substrate phosphoinositides for
10 min at 37°C. Lipids were separated by thin-layer chromatography and visu-
alized by autoradiography (12).

GLUT4 translocation assay. Rat L6 myocytes were cultured in Dulbecco’s
modified Eagle’s medium. A GLUT4 reporter containing Myc epitope tags in the
first extracellular loop as well as green fluorescent protein fused at the carboxyl
terminus was used (kindly provided by Harvey F. Lodish). Expression was visu-
alized by immunofluorescence with anti-Myc antibodies. GLUT4 translocation
was calculated as described previously (2).
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RESULTS

Selective expression of full-length SKIP in insulin-sensitive
tissues. There are two alternative splicing isoforms of SKIP,
full-length SKIP and a shorter isoform that is truncated by 76
amino acids at the N terminus which eliminates a region con-
served among type II inositol polyphosphate phosphatases
(SKIP AN76) (see Fig. S1A in the supplemental material) (12).
In the present study, full-length SKIP was expressed at high
levels in insulin-sensitive organs such as skeletal muscle, heart,
and brain (see Fig. S1B in the supplemental material). In
contrast, the smaller isoform was expressed predominantly in
adipose tissue. We compared phosphatase activities of full-
length SKIP and SKIP AN76 on PtdIns(4,5)P, and PtdIns-
(3,4,5)P5. Full-length SKIP efficiently hydrolyzed these phos-
phoinositides (K, values of 1.80 pM and 0.89 pM,
respectively), whereas SKIP AN76 had approximately 100-fold
lower phosphatase activity (K, of 180 uM and 115 pM, re-
spectively) (see Fig. S1C and D in the supplemental material).
As previously reported, expression of full-length SKIP sup-
pressed insulin-induced phosphorylation of Akt/PKB (see Fig.
S1E in the supplemental material) (13). In contrast, expression
of SKIP AN76 did not inhibit these phosphorylations (see Fig.
S1E in the supplemental material). These results indicate that
SKIP with phosphatase activity is expressed in skeletal muscle,
heart, and brain. Skeletal muscle is a major insulin-responsive
tissue, and abnormal insulin signaling in skeletal muscle is an
early defect in the pathogenesis of obesity and diabetes.

Targeted disruption of the SKIP ortholog Pps in the mouse
germ line. An insertional targeting vector, pTVPps, was used
which duplicated exons 4 to 7 of the mouse ortholog of SKIP,
Pps, causing a frameshift mutation. The allele, designated
Pps®@™! was established in mice by standard procedures (Fig.
1A and B). Because Pps lies between p53 and Wnt3 on mouse
chromosome 11, the Pps®“"! allele was maintained using the
balancer chromosome Inv(11)(p53-Wnt3)# " (31). We
crossed Pps® ™! |+ mice with Inv(11)(p53-Wnt3)®"/+ mice
and subsequently intercrossed Inv(11)(p53-Wat3) 5" /ppsBrm!
mice. All of the 176 progeny generated showed the balancer-
specific light tail color, and Southern blot analysis confirmed that
all progeny were heterozygous for Pps®“™!  suggesting that
Pps® ™! is a homozygous lethal allele. Timed matings were
established, and embryos were isolated and genotyped at
various stages of development. No Pps® %" /Pps® ™! em-
bryos were identified after embryonic day 10.5, indicating
that the homozygous mutation caused embryonic lethality.
In Pps®“m!/+ mice, Northern blot analysis revealed a sig-
nificant decrease in Pps mRNA in quadriceps muscle (Fig.
1C), and Western blot analysis showed that SKIP protein
levels in quadriceps were decreased approximately 55.4%
(Fig. 1D). The protein levels of other PtdIns(3,4,5)P5 phos-
phatases, PTEN, and SHIP2 did not differ from levels in
wild-type littermates (Fig. 1D).

Pps®“™!/+ mice have normal body weight, fat content, and
feeding efficiency. When Pps®“"//+ male mice were fed a
normal chow diet, they appeared normal, with body weights
similar to wild-type male mice (Fig. 2A) and with a normal
growth rate (28.4% = 5.4% increase in body weight from 6 to
18 weeks of age in Pps®™!/+ male mice versus 28.2% = 8.8%
increase in wild-type mice; P = 0.95 by Student’s ¢ test).
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FIG. 2. SKIP mutant mice exhibited normal food intake and adiposity. (A) Growth curves of wild-type (n = 21) and Pps®*"?/+ (n = 27) mice
fed a normal chow diet. (B) Food intake of wild-type (n = 12) and Pps®“"!/+ (n = 12) male mice fed a normal chow diet at 15 weeks of age. All
the parameters are normalized by total body weight. (C) Feeding efficiency of wild-type (n = 6) and Pps®"!/+ (n = 6) male mice fed a normal
chow diet at 15 weeks of age. Feeding efficiency was calculated by gain in body weight normalized by food intake. (D) Percentage of quadriceps
content isolated from wild-type mice (n = 18) and Pps®“"’/+ (n = 18) male mice at 15 weeks of age. All values are given as means * standard

errors of the means. WT, wild type.

Pps®?! |+ female mice also have normal body weight (see
Fig. S2A in the supplemental material). Pps®"*!/+ male mice
showed normal food intake measured over a 24-h period when
normalized by body weight (155.5 + 4.4 mg/g of body weight in
wild-type mice versus 148. 4 £ 2.5 mg/g of body weight in
Pps®¥m!/+ mice; P = 0.59) (Fig. 2B). In addition, the increase
in feeding efficiency (gain in body weight/food intake) was not
observed in Pps®“"!/+ mice (2.49% = 0.13% in wild-type
mice versus 2.39% =+ 0.07% in Pps®“"//+ mice; P = 0.81)
(Fig. 2C). The weights of major organs such as liver and brain
were proportional to body weight, but the weight of quadriceps
muscle was increased in Pps®“™!/+ mice (0.678% = 0.022% of
total body weight in wild-type mice versus 0.761% = 0.003% of
body weight in Pps®“"//+ mice; P = 0.045) (Fig. 2D). The
weight of soleus muscle also has a tendency to increase in
Pps® !+ mice (0.027% = 0.002% of body weight in wild-
type mice versus 0.032% = 0.002% in Pps®“™!/+ mice; P =
0.32). The EWAT content was similar in Pps®™!/+ mice to
wild-type mice at 18 weeks of age (1.59% = 0.07% in wild-type
mice versus 1.61% * 0.09% in Pps®“"! |+ mice; P = 0.80) (see
Fig. S3 in the supplemental material). Brown adipose tissue
content was also unaffected in Pps®%"//+ mice (0.39% =
0.07% in wild-type mice versus 0.39% = 0.01% in Pps®“™!/+
mice; P = 0.27).

Parameters for glucose and insulin homeostasis were ana-
lyzed in Pps®#"!/+ male mice and in wild-type male mice at 15
to 16 weeks of age. Fasting glucose levels were found to be

significantly lower (P = 0.04) in Pps®“"*!/+ male mice than in
wild-type male mice (Table 1). Pps®“"//+ female mice also
showed lower blood glucose levels compared to wild-type mice
(115.1 = 18.8 mg/dl in Pps®“™!/+ mice versus 129.2 = 20.4
mg/dl in wild-type; n = 18; P = 0.036). Serum chemistry pro-
files revealed that Pps®“"!/+ male mice had significantly
lower serum cholesterol, triglycerides, and NEFA levels than
wild-type mice (P < 0.05 in all cases) (Table 1). However,
serum insulin levels and leptin levels were similar between
Pps®“! |+ male mice and wild-type mice, whereas blood glu-
cose levels were significantly lower in Pps®%"//+ male mice. In
contrast, serum cholesterol and NEFAs were comparable in
Pps®?! |+ female mice and wild-type mice (data not shown).

Glucose homeostasis and insulin sensitivities are enhanced
in Pps®“™!/+ mice. To examine glucose homeostasis, insulin
tolerance tests and glucose tolerance tests were performed. En-
hanced insulin sensitivity was observed in Pps®"!/+ male mice,
i.e., an accelerated lowering of plasma glucose after injection of
insulin (0.5 U/Kg body weight) (Fig. 3A). Pps®"*!/+ mice exhib-
ited 53.8% lower blood glucose at 60 min after injection than
wild-type mice. Similarly, glucose tolerance tests showed increases
in the rapid elimination of blood glucose in Pps®“"*//+ male mice
(Fig. 3B) without change in insulin secretion (Fig. 3C). A similar
increase in the blood glucose elimination was also observed in
Pps®™!/+ female mice (see Fig. S2B in the supplemental ma-
terial). The average blood glucose of Pps®“"//+ mice was 28.5%
lower than that of wild-type mice at 60 min after injection (P =
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TABLE 1. Serum chemistry parameters of wild-type and Pps®“™!/+ male mice
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Value in serum under the indicated condition”

Substance(s) Wild-type mice PpsBramI/+ mice
Nonfasted Fasted Nonfasted Fasted”
Glucose (mg/dl) 2415 €75 116.8 = 8.1 213.8 £ 3.8 92.6 * 6.3*
Triglycerides (mg/dl) 1458 = 1.6 1423 = 4.7 96.9 * 0.4 100.5 = 2.0**
Cholesterol (mg/dl) 785 0.2 80.1 = 4.4 62.4 +3.9 64.6 * 12.4*
NEFA (meq/liter) 0.89 + 0.01 0.80 = 0.06 0.58 = 0.03 0.52 = 0.04*
Insulin (ng/ml) 271 £0.12 1.05 = 0.07 2.26 = 0.06 1.04 = 0.09
Adiponectin (mg/ml) 7.49 = 0.18 8.30 = 0.47 7.80 = 0.45 8.27 +0.24
Leptin (ng/ml) 2.94 = 0.28 2.69 = 0.68

“ All serum samples were prepared from 15- to 16-week-old male mice fed a normal chow diet. All data are given as means =+ standard errors of the means. For

diponectin and leptin, n = 6; for all others, n = 12.
b P < 0.05; **, P < 0.01 (compared to wild-type mice; Student’s ¢ test).

1.1 X 10~ *). In order to analyze the systemic insulin sensitivities
definitively, we carried out a hyperinsulinemic-euglycemic clamp
study (16) and found that the glucose infusion rate and the rate of
insulin-stimulated glucose disposal were significantly increased in
Pps®¥m!/+ mice (Fig. 3D). On the other hand, Pps®™!/+ mice
and wild-type mice had similar rates of basal or insulin-induced
hepatic glucose production (Fig. 3D). To confirm increased insu-
lin sensitivities in skeletal muscle but not in adipose tissue, we
measured Akt/PKB phosphorylations in isolated soleus muscle
and EWAT 130 min after the onset of the clamp and found that,
in comparison to wild-type mice, Akt/PKB phosphorylations were
increased in soleus muscle but not in EWAT in Pps®“™!/+ male
mice (Fig. 3E and F), indicating that SKIP regulates insulin sen-
sitivities in skeletal muscle where the full-length SKIP is abun-
dantly expressed.

Pps®“™!/+ mice showed enhanced insulin action in skeletal
muscle. Because SKIP acts negatively on PI3-kinase signaling,
this raised the possibility that Pps®“"*//+ mice have enhanced
activation of insulin signaling in skeletal muscle, where full-
length SKIP is abundantly expressed (13). Therefore, we ex-
amined insulin-induced Akt/PKB phosphorylation. In the ab-
sence of insulin stimulation, there was little phosphorylation of
Akt/PKB in quadriceps muscle and EWAT of Pps®“"/+
mice. However, administration of insulin resulted in higher
levels of phosphorylation of Akt/PKB in quadriceps muscle in
Pps®“"/+ mice than in wild-type mice (Fig. 4A). Such an
enhanced phosphorylation of Akt/PKB was not observed in
EWAT of Pps®“™!/+ mice, where full-length SKIP is not ex-
pressed (see Fig. S4 in the supplemental material). To confirm
these results, we examined phosphorylation of two down-
stream targets of Akt/PKB, GSK3p3, and p70 S6 kinase. Phos-
phorylation of p70 S6 kinase and GSK3B was also significantly
enhanced in Pps®™!/+ mice (Fig. 4B and C). Next, insulin-
induced incorporation of 2-deoxyglucose was examined using
isolated soleus muscle from Pps®“"/+ mice. Incorporation of
2-deoxyglucose after stimulation with a submaximal concentra-
tion of insulin in soleus muscle (10 nM) was also dramatically
enhanced in Pps®®™/+ mice (P = 1.4 X 107°) (Fig. 4D).
These results, together with the unchanged level of tyrosine
autophosphorylation of the insulin receptor in quadriceps in
Pps®¥m!/+ and wild-type mice (Fig. 4E), suggest that reduc-
tion of SKIP enhanced insulin signaling by elevating Akt/PKB
activities in skeletal muscle.

Since insulin signaling in skeletal muscle has been reported

to be important for systemic glucose sensitivities (6), we next
measured whether insulin-induced Akt/PKB phosphorylation
is altered in Pps®“"//+ mice fed a HFD. In wild-type mice, a
4-month exposure to a HFD impaired insulin-induced Akt/PKB
phosphorylation in skeletal muscle. In contrast, Pps®*"/+ mice
showed a significantly stronger ability to phosphorylate Akt/PKB
(Fig. 5A). Furthermore, elevated insulin sensitivity and glucose
tolerance were observed in Pps™#"//+ mice (Fig. 5B and C).
These results strongly suggest that whole-body glucose uptake
improved in Pps®“™!/+ mice fed a HFD.

Because muscle-specific deletion of Pten protected mice
from diet-induced insulin resistance or null-mutation of SHIP2
resulted in resistance to diet-induced obesity in mice, we raised
a cohort of Pps®“"!/+ mice on an HFD. After 6 weeks on the
HFD, Pps®“"/+ mice gained 30.9% of their body weight,
whereas wild-type mice fed on the HFD gained 41.4% of their
body weight (see Fig. S5 in the supplemental material). Thus,
the Pps”®®"!/+ genotype protects against diet-induced obesity.
The HFD caused hyperglycemia in both wild-type and
Pps®*! |+ mice (Fig. 5B; see also Table S1 in the supplemen-
tal material); however, its effect was substantially lower in
Pps®¥m!/+ mice. Although Pps®“"//+ mice showed normal
food intake (126.7 = 19.7 mg/g of body weight in wild-type
mice versus 133.0 + 7.7 mg/g of body weight in Pps®%"!/+ mice;
P = 0.31), the feeding efficiency had a tendency to decrease in
Pps®“™! |+ mice in comparison with wild-type mice (2.90% +
0.52% in Pps®¥™!/+ mice versus 6.10% =+ 0.17% in wild-type
mice; P = 0.092). Cholesterol, insulin, and leptin levels were
also lower in Pps®“™/+ mice than in wild-type mice (see
Table S1 in the supplemental material). In contrast, wild-type
mice developed hyperinsulinemia, with the insulin level ap-
proximately threefold higher than that of Pps®“"*!/+ mice (see
Table S1 in the supplemental material). Therefore, resistance
to dietary-induced insulin resistance in Pps®“"™!/+ mice might
be affected by adiposity as well as insulin sensitivities in skeletal
muscle.

Reduced levels of SKIP increased insulin-induced glucose
homeostasis in L6 cells. Analyses of SHIP2- and Pten-knock-
out mice revealed that these proteins negatively regulate insu-
lin signaling (17, 26, 29, 30). However, unlike the targeted
mutation of Pps®%"//+ in mice, null deletion of SHIP2 or
muscle-specific deletion of Pten in mice did not cause the
enhanced insulin signaling in skeletal muscle of mice receiving
a normal chow diet (26, 30). To clarify the role of SKIP in
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insulin signaling, small interfering RNA (siRNA) knockdown
of SKIP was performed in L6 myoblast cells. An approximately
70% reduction was achieved. Reductions in SKIP did not affect
phosphorylation of Akt/PKB without insulin stimulation. How-
ever, reductions of SKIP markedly enhanced insulin-induced
phosphorylation of Akt/PKB on Ser-473 and Thr-308 (Fig.
6A). To test whether these enhanced Akt/PKB phosphoryla-
tions were suppressed by the expression of PtdIns(3,4,5)P,
phosphatases, SKIP, SHIP2, and PTEN were expressed in
SKIP knockdown cells. Expression of SKIP but not SHIP2 or
PTEN suppressed insulin-induced Akt/PKB phosphorylation
on Ser-473 and Thr-308 (Fig. 6B; see also Fig. S6 in the sup-
plemental material). These results indicate that SKIP plays
distinct roles from PTEN and SHIP2 in insulin signaling.

To test whether the increase in PI3-kinase signaling by at-
tenuation of SKIP was correlated with glucose homeostasis,
insulin-induced GLUT4 translocation and glucose uptake were
measured (Fig. 6C and D). Insulin-induced translocation of
GLUT4 was examined with a fluorescent GLUT4 reporter (2).
Suppression of SKIP only slightly increased basal glucose in-
corporation compared to control cells (P = 0.22); however, it
markedly enhanced insulin-induced glucose incorporation (P =
0.04) (Fig. 6C). Knockdown of SKIP markedly increased insulin-
induced GLUT#4 translocation in response to insulin stimulation
(P = 0.01), although in the absence of insulin stimulation, mem-
brane-associated GLUT4 levels on the cell surface did not differ
significantly from those of controls (Fig. 6D). These results are
consistent with the in vivo data from the knockout mice. There-

quadriceps of Pps®™!/+ mice. Phosphorylation of p70 S6 kinase (B) and GSK3p (C) are analyzed. (D) Enhanced insulin-induced glucose uptake
in soleus muscle from Pps®“"!/+ (n = 6) male mice in comparison with wild-type (n = 6) mice at 12 weeks of age. (E) Tyrosine phosphorylation
of insulin receptor was not changed between Pps®“"!/+ mice and wild-type mice. All values are given as means = standard errors of the means.
*, P < 0.05; %, P < 0.01. All values are normalized relative to basal phosphorylation of each protein in wild-type mice. WT, wild-type.
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fore, SKIP apparently plays a preeminent role in the regulation of
insulin-induced GLUT#4 transport to the plasma membrane and
glucose incorporation under normal conditions.

DISCUSSION

SKIP is a PtdIns(3,4,5)P; phosphatase that is abundantly
expressed in skeletal muscle, a major insulin-responsive tissue.
In a previous study, we have showed that SKIP negatively
regulated insulin-induced GLUT#4 transport and membrane
ruffle formation (13). These regulations require the PtdIns-
(3,4,5)P; phosphatase activity of SKIP that decreases intracel-
lular PtdIns(3,4,5)P; levels. However, at least two other
PtdIns(3,4,5)P; phosphatases, PTEN and SHIP2, also nega-
tively regulate insulin signaling.

In the present study, we generated and characterized a tar-
geted mutation of the Pps gene, which encodes SKIP in mice,
and showed enhanced insulin signaling and insulin-induced
glucose uptake in skeletal muscle. Because Pps-deficient mice
exhibited embryonic lethality, insulin actions were analyzed
using Pps®“™!/+ mice. Insulin tolerance tests, glucose toler-
ance tests, and hyperinsulinemic-euglycemic clamp assays clearly
showed increased systemic insulin sensitivity in Pps®“"//+ mice.
In agreement with these results, skeletal muscle isolated from
Pps®¥m!/+ mice showed a significant increase in insulin-induced
Akt/PKB phosphorylation and a twofold greater increase in glu-
cose incorporation than skeletal muscle from wild-type mice.
Thus, these results indicate that SKIP is a major regulator of
insulin action in skeletal muscle. Although we also found approx-
imately 12% increase in weight of quadriceps, such an increase in
muscle mass is not a main contributor to the increase (about
twofold) in systemic glucose homeostasis.

Alteration in insulin signaling may affect body weight, food
intake, and adiposity, and vice versa. However, Pps®%™!/+
mice fed a normal chow diet have normal growth rates, leptin
levels, adiposity, and feeding efficiency as well as food intake
(Fig. 2 and Table 1). These observations may reflect the fact
that the full-length SKIP is not expressed in adipose tissue and
that an increase in insulin signaling is not detected in adipose
tissue in Pps®“™!/+ mice. A truncated isoform of SKIP that is
expressed in adipose tissue exhibited very weak phosphatase
activities and did not affect insulin signaling. Together, these
results suggest that SKIP is a regulator of insulin signaling in
skeletal muscle but not in adipose tissue.

SHIP2-deficient mice and muscle-specific Pten-knockout
mice exhibit an enhancement in insulin signaling in skeletal
muscle (26, 30). Like Pps®“"!* mice, the reported SHIP2-
deficient and muscle-specific Pten-knockout mice also show
resistance to diet-induced obesity. However, a major difference
among SHIP2-deficient and muscle-specific Pten-knockout
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mice and Pps®“™!/+ mice is that Pps®¥"!/+ is the only mu-
tation that led to increased insulin sensitivity and glucose up-
take when mice were fed a normal chow diet. Like Pps®™!/+
mice, SHIP2-deficient mice showed increases in insulin-in-
duced phosphorylations in Akt/PKB and p70 S6 kinase. How-
ever, since SHIP2-deficient male mice fed a normal chow diet
showed normal insulin and glucose tolerance, SHIP2 was not
implicated in the dysregulation of glucose homeostasis (26). It
was also reported that in 3T3-L1 adipocytes, suppression of
SHIP2 did not increase insulin-induced glucose uptake or
phosphorylation of Akt/PKB (27). Muscle-specific deletion of
Pten in mice resulted in protection against insulin resistance
and obesity when mice were fed an HFD, but the mutant mice
did not show increased insulin sensitivities and insulin-induced
glucose uptake when fed a normal chow diet (30). If SHIP2 or
PTEN regulated insulin-induced glucose incorporation, these
mice would have exhibited increased insulin signaling even
under normal conditions.

Pps®m!/+ mice fed an HFD also showed increased insulin
sensitivity in skeletal muscle and were resistant to HFD-in-
duced insulin resistance, supporting the possibility that SKIP
affects insulin signaling in skeletal muscle of mice fed an HFD
in addition to normal chow. Taken together, resistance to
diet-induced insulin resistance in Pps®“"//+ mice may partly
be explained by the increased insulin sensitivities in skeletal
muscle through direct or indirect effects because skeletal mus-
cle accounts for approximately 75% of whole body glucose
homeostasis. However, we could not rule out the possibilities
of other underlying changes in Pps®“"!/+ mice, such as alter-
ations in insulin signaling in the hypothalamus or adipokine
secretion, that may play more important roles in causing the
phenotypes, including resistance to diet-induced obesity in
Pps®¥m!/+ mice fed an HFD. Like muscle-specific Pten and
SHIP2 knockout mice, Pps®%"!/+ mice fed an HFD showed a
decrease in the leptin level and a tendency toward decreased
feeding efficiency without a change in food intake. These phe-
notypic features may not be fully explained by the alteration of
insulin sensitivities in skeletal muscle. Such ambiguity is well
illustrated in recent studies of protein-tyrosine phosphatase 1B
(PTP1B), which negatively regulates insulin signaling via in-
hibiting insulin-induced phosphorylation of insulin receptor
and insulin receptor substrate 1 (8). Constitutionally homozy-
gous PTP1B knockout mice (PTP1B /") showed increased
insulin sensitivity (8) and enhanced glucose uptake in skeletal
muscle. In addition, these mutant mice failed to increase their
adiposity or body weight when fed an HFD. These phenotypes
are very similar to that of Pps®“™//+ mice. It has recently been
reported that muscle-specific PTP1B knockout in mice did not
lead to resistance to HFD-induced obesity, even though insulin

FIG. 6. Enhanced insulin signaling by SKIP suppression in L6 myoblast cells. (A) Reduction of SKIP enhances insulin-induced Akt/PKB
phosphorylation. L6 cells were transfected with control or SKIP siRNA and stimulated with insulin. Cells lysates were used for the detection for
Akt/PKB and phosphorylated Ser-473 or Thr-308 of Akt/PKB. A time course of insulin-induced Akt phosphorylation is shown. (B) SKIP plays
distinct roles from PTEN and SHIP2 in insulin signaling. L6 cells transfected with SKIP siRNA and PtdIns(3,4,5)P; phosphatases (PTEN, SHIP2,
or SKIP) were stimulated with insulin for 20 min. Phosphorylation of Ser-473 and Thr-308 of Akt/PKB is shown. The enhanced effect of insulin
on 2-deoxyglucose incorporation (C) and GLUT4 translocation (D) by reduction of SKIP is shown. Insulin-induced (100 nM) 2-deoxyglucose
uptake and GLUT4 translocation are shown. All values are given as means * standard errors of the means. GLUT4 reporter was expressed in L6

cells or L6 cells in conjunction with siRNA vectors. Ins, insulin.
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signaling in skeletal muscle was enhanced (6), suggesting that
the alteration of insulin signaling in skeletal muscle alone may
not be sufficient to slow down the weight gain when mice are
fed an HFD.

Pps®@m!/+ mice fed an HFD showed slight increases in
body weight and plasma insulin levels compared to those fed a
normal chow diet; these effects might be due to the decrease in
insulin sensitivities in adipose tissue, where the shorter isoform
of SKIP was expressed. Furthermore, full-length SKIP is also
expressed highly in the brain, suggesting the possibility that
SKIP may also regulate PI3-kinase signaling in brain. Thus,
further studies are needed to unravel the precise mechanism of
SKIP’s regulation of whole-body insulin sensitivity. Generation
and characterization of mutant mice carrying muscle-specific
deletion of the Pps gene may lead to a better understanding of
the relationship between insulin signaling in skeletal muscle
and whole-body insulin sensitivity in mice fed an HFD.

We previously showed that the expression of SKIP nega-
tively regulated insulin-induced glucose incorporation and gly-
cogen synthesis in rat L6 myoblast cells (13); thus, the increase
in PI3-kinase signaling by the suppression of SKIP may be
important for protection against insulin resistance. Our in vitro
analyses of L6 myoblast cells also showed that a decrease in
SKIP resulted in a significant increase in the insulin-induced
activation of downstream targets of Akt/PKB, and such an
increase in insulin signaling was not compensated by the ex-
pression of SHIP2 and PTEN. In the absence of insulin stim-
ulation, a decrease in SKIP resulted in only a slight increase in
glucose uptake in L6 myoblast cells. In response to insulin
stimulation, suppression of SKIP resulted in a significant in-
crease in insulin-dependent glucose uptake as well as GLUT4
translocation to the cell surface in myoblast cells. SKIP may be
the only PtdIns(3,4,5)P; phosphatase that controls insulin sig-
naling under normal conditions. Therefore, SKIP is function-
ally distinct from other PtdIns(3,4,5)P; phosphatases in insulin
signaling. Recently, distinct roles for SHIP2 and PTEN in
differentiating L6 cells have been reported. PTEN mainly hy-
drolyzed a PtdIns(3,4,5)P5 pool that is capable of activating
Akt/PKB. In contrast, SHIP2 works on a different pool that is
unable to activate Akt/PKB, indicating that SHIP2 and PTEN
have distinct roles (18). Together with our in vitro results,
these results suggest that SKIP, PTEN, and SHIP2 may have
distinct roles in insulin signaling.

The mutational analysis of SKIP, SHIP2, and PTEN has
revealed that these major phosphatases do not functionally
compensate for each other even though the deficiency of any
one of them enhances insulin sensitivity in muscle. Although
SKIP and SHIP2 belong to the same family, the type II inositol
polyphosphate 5-phosphatases, each of them contains some
unique domains. SKIP possesses a C-terminal SKICH domain
responsible for the localization at the plasma membrane (10).
SKIP is localized in endoplasmic reticulum and the Golgi com-
partment under resting conditions and is translocated to the
plasma membrane when the cells are exposed to insulin (10,
12). On the other hand, SHIP2 possesses an SH2 domain at the
N terminus that interacts with other signaling molecules such
as She and p130*® and a proline-rich domain at the C terminus
that interacts with Abl and Shc (7). Unlike SKIP and SHIP2,
PTEN is a PtdIns(3,4,5)P5 3-phosphatase with a C-terminal C2
domain for binding to phospholipids (5). SHIP2 and PTEN are
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mainly localized in cytosol and the plasma membrane through
interaction with their specific interaction molecules. There-
fore, it is possible that these unique domains may play critical
roles in determining the spatial and temporal differences
among these phosphatases, which may control different
PtdIns(3,4,5)P; pools in muscle. Therefore, they may regulate
different PtdIns(3,4,5)P; binding molecules located down-
stream of insulin-mediated PI3-kinase signaling. These differ-
ences may underlie the inability of SHIP2 and PTEN to com-
pensate for the function of SKIP in the Pps mutant mice.

These in vitro and in vivo results show that endogenous
SKIP may be one of the key regulators of insulin signaling in
skeletal muscle for glucose homeostasis. Thus, SKIP may be a
potential therapeutic target for obesity and type II diabetes.
Although PTEN and SHIP2 may also be good candidates,
targeting these proteins may be problematic because PTEN is
a tumor suppressor, and a SHIP2 deficiency causes severe
growth retardation (7, 22). In contrast, Pps®“"//+ mice did
not appear to show increased cancer susceptibility over a
1-year observation period or to demonstrate severe growth
retardation. A 50% reduction in SKIP expression significantly
enhanced insulin sensitivity in mice, suggesting that SKIP may
be a more desirable target for modulation of insulin sensitivi-
ties. Further analyses of SKIP signaling pathways will improve
our understanding of abnormalities in glucose homeostasis and
lipogenesis and will lead to new therapeutic interventions for
obesity and diabetes.
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