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Insulin Actions and Adipogenesis®
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Peptidyl-prolyl cis/trans isomerase NIMA-interacting 1 (Pin1)
is a unique enzyme that associates with the pSer/Thr-Pro motif
and catalyzes cis-trans isomerization. We identified Pinl in the
immunoprecipitates of overexpressed IRS-1 with myc and FLAG
tags in mouse livers and confirmed the association between IRS-1
and Pin1 by not only overexpression experiments but also endog-
enously in the mouse liver. The analysis using deletion- and point-
mutated Pinl and IRS-1 constructs revealed the WW domain
located in the N terminus of Pin1 and Ser-434 in the SAIN (Shc and
IRS-1 NPXY binding) domain of IRS-1 to be involved in their asso-
ciation. Subsequently, we investigated the role of Pinl in IRS-1
mediation of insulin signaling. The overexpression of Pinl in
HepG2 cells markedly enhanced insulin-induced IRS-1 phosphor-
ylation and its downstream events: phosphatidylinositol 3-kinase
binding with IRS-1 and Akt phosphorylation. In contrast, the treat-
ment of HepG2 cells with Pin1 siRNA or the Pin1 inhibitor Juglone
suppressed these events. In good agreement with these in vitro
data, Pinl knock-out mice exhibited impaired insulin signaling
with glucose intolerance, whereas adenoviral gene transfer of Pin1
into the ob/ob mouse liver mostly normalized insulin signaling and
restored glucose tolerance. In addition, it was also demonstrated
that Pinl plays a critical role in adipose differentiation, making
Pinl knock-out mice resistant to diet-induced obesity. Impor-
tantly, Pinl expression was shown to be up-regulated in accord-
ance with nutrient conditions such as food intake or a high-fat diet.
Taken together, these observations indicate that Pinl binds to
IRS-1 and thereby markedly enhances insulin action, essential for
adipogenesis.

I The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1-7.
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Peptidyl-prolyl cis/trans isomerases constitute a special class
of enzymes that function not by modifying other peptides cova-
lently but only by producing conformational changes (1-4).
Pinl, one of the peptidyl-prolyl cis/trans isomerase isoforms
that is distinct from the two major classes of isomerases, the
cyclophilins and the FK506-binding proteins (5, 6), was initially
cloned as a NIMA kinase interacting protein (7) and specifically
recognizes a proline bond preceded by a phosphorylated serine
or threonine residue (phospho-Ser/Thr-Pro motif) with a WW
domain at its N terminus (8, 9). Then, its C-terminal PPIase
domain was shown to catalyze cis-trans isomerization of the
target peptidyl-prolyl bonds and thereby modify the actions of
target proteins (8, 9). Since its discovery, numerous proteins
have been identified as Pinl substrates (8, 10), implicating it in
the regulation of many biological processes. For example, Pinl
inhibits the phosphorylation of Cdc25 and controls the replica-
tion checkpoint in the cell cycle (11, 12). Pin1 also stabilizes the
tumor suppressor p53 and is abundantly expressed in some
malignant tumors, suggesting involvement in malignant trans-
formation (13, 14). On the other hand, Pin1 is also expressed at
high levels in most neurons (15, 16). Although much remains to
be clarified regarding the role of Pinl in neurons, it reportedly
protects against neurodegeneration via several independent
mechanisms (15, 16), as supported by the fact that Pin1 knock-
out (KO) mice exhibit abnormal central nervous function (15,
16). In addition, the enzymatic function of Pinl is reportedly
inactivated by oxidative stress modification occurring in the
early stages of Alzheimer disease, implicating Pinl in brain
function (16, 17). Therefore, Pinl has been implicated in the
pathogenesis of two major disorders; cancer and Alzheimer dis-
ease (9, 10).

Very recently, we reported that Pinl expression is higher in
the fed than in the fasted state and that Pinl associates with
CRTC2, a co-activator of CREB (cAMP-response element-
binding protein), and suppresses CRE (cAMP-response ele-
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ment) transcriptional activity (18). Suppressed CRE activity
leads to reduced PEPCK expression and gluconeogenesis. In
this study we newly identified Pin1 to be a positive regulator of
insulin signaling via enhanced insulin-induced insulin receptor
substrate-1 (IRS-1)® phosphorylation. In addition, Pin1 expres-
sion was revealed to be markedly increased by high-fat diet
feeding. Because a high-fat diet is one of the most common
causes of obesity, we also performed experiments to ascertain
the effects of Pinl on adipogenesis in this study. Herein, we
present evidence that Pinl plays a critical role in energy incor-
poration into the body by enhancing insulin signaling and
adipogenesis. Our findings raise the possibility of Pinl being a
promising target molecule for treating diabetes mellitus.

EXPERIMENTAL PROCEDURES

Materials—Affinity-purified antibodies against IRS-1, IRS-2,
phosphorylated tyrosine (4G10), and Akt/protein kinase B were
prepared as previously described (19). Anti-Pinl antibody was
generated by immunizing rabbits with the peptide QMQKPFE-
DASFATRTGEMSGPVFTDSGIHIITRTE (amino acids 129 -
163 of human Pinl). Anti-FLAG tag antibody was purchased
from Sigma, and antibodies against the p85 subunit of phospha-
tidylinositol 3-kinase, phospho-Ser-473 and phospho-Thr-308
of Akt, and anti-actin were from Cell Signaling Technology
(Danvers, MA).

Cell Culture—Sf9 cells were grown in TC100 (Invitrogen)
medium containing 10% fetal bovine serum (FBS) at 27 °C.
HepG2 hepatoma cells and human preadipocyte were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
FBS at 37 °C in 5% (v/v) CO, in air. Mouse 3T3-L1 fibroblasts
were maintained in DMEM containing 10% donor calf serum in
an atmosphere of 10% CO, at 37 °C. Two days after the fibro-
blasts had reached confluence, differentiation was induced by
treating the cells with DMEM containing 4 pg/ml dexametha-
sone, 200 nMm insulin, 0.5 mmol/liter 3-isobutyl-1-methylxan-
thine, and 10% FBS for 48 h as described previously. Cells were
fed DMEM supplemented with 10% FBS every other day and
used as mature 3T3-L1 adipocytes at day 8 after the induction
of differentiation.

Animals—Pinl KO mice were generated as previously
described (20), and Pin1 ™" and Pinl~/~ mice were obtained
by breeding Pin1"/~ mice. The genotype was determined by
PCR and Pin1"/~ mice were separated for breeding. Twelve-
week-old Pin1*/" and Pin1 ™/~ mice were fed a standard diet or
high-fat diet (HFD) for 4 weeks. The nutrient composition of
the standard diet was 54.4% carbohydrate, 23.6% protein, 5.3%
fat with a vitamin and mineral mixture, whereas that of the
HFD was 7.5% carbohydrate, 24.5% protein, 60% fat with a vita-
min and mineral mixture. In other experiments, 12—-16-week-
old Pin1™'" and Pin1~/~ mice were used.

Preparation of Adenoviruses Expressing MEF-tagged IRS Pro-
tein, Pinl, and GFP—The myc-TEV (tobacco etch virus)-FLAG
(MEF) tag cassette was generated by DNA synthesis and
inserted into cloning sites in the mammalian expression vec-

3 The abbreviations used are: IRS-1, insulin receptor substrate-1; HFD, high-fat
diet; SAIN, Shc and IRS-1 NPXY binding; PPAR, peroxisome proliferator-
activated receptor; MEF, myc-TEV (tobacco etch virus)-Flag.
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tor pcDNA3 (Invitrogen) and termed pcDNA3-MEF, as
reported previously (19). To create the N-terminal MEF-
tagged IRS-1 construct, human IRS-1 ¢cDNA was inserted
into pcDNA3-MEF. Then the coding portion of MEF-tagged
IRS-1 was isolated from pcDNA3-MEF-IRS-1. Similarly, the
coding regions of MEF-tagged IRS-2 and S434A IRS-1 were
prepared. Recombinant adenovirus expressing MEF-tagged
IRS-1, MEF-tagged S434A IRS-1, MEF-tagged IRS-2, human
Pinl with a C-terminal HA tag, GFP-tagged Pinl, and GFP
were generated, and the adenovirus encoding LacZ served as
a control. The recombinant adenoviruses expressing human
Pinl with a C-terminal HA tag and LacZ were used for
adenoviral gene transfer into 0b/ob mice.

Purification of MEF-tagged IRS-1-containing Complexes
from Mouse Livers—Recombinant adenovirus expressing MEF-
tagged IRS-1 was purified and concentrated using cesium chlo-
ride ultracentrifugation. Adenovirus encoding LacZ served as a
control. Male C57B6 mice, 9 weeks of age, obtained from Nip-
pon Bio-Supply Center (Tokyo, Japan), were injected via the tail
vein with adenovirus at a dose of 2.5 X 107 plaque-forming
units/g of body wt. Four days later, mouse livers were removed
and lysed in lysis buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl,
10% (w/v) glycerol, 100 mm NaF, 10 mm EGTA, 1 mm Na;VO,,
1% (w/v) Triton X-100, 5 um ZnCl,, 2 mm PMSF, 10 ug/ml
aprotinin, and 1 pg/ml leupeptin). Lysates were centrifuged at
100,000 X g for 20 min at 4 °C. Supernatants were passed
through a 5-um filter, incubated with 150 ul of Sepharose beads
for 60 min at 4 °C, and then passed through a 0.65-um filter.
The filtrated supernatant was mixed with 150 ul of anti-myc-
conjugated Sepharose beads for the first immunoprecipitation.
After incubation for 90 min at 4 °C, the beads were washed 5
times with 1.5 ml of TNTG buffer (20 mm Tris-HCI, pH 7.5, 150
mMm NaCl, 10% (w/v) glycerol, and 0.1% (w/v) Triton X-100),
twice with buffer A (20 mm Tris-HCI, pH 7.5, 150 mm NaCl, and
0.1% (w/v) Triton X-100), and finally once with TNT buffer (50
mm Tris-HCI, pH 8.0, 150 mMm NaCl, and 0.1% (w/v) Triton
X-100). The washed beads were incubated with 15 units of
tobacco etch virus protease (Invitrogen) in 150 ul of TNT
buffer to release bound materials from the beads. After incuba-
tion for 60 min at room temperature, supernatants were
pooled, and the beads were washed twice with 75 ul of buffer A.
The resulting supernatants were combined and incubated with
25 ul of FLAG-Sepharose beads for the second immunoprecipi-
tation. After a 60-min incubation at room temperature, the
beads were washed 3 times with 500 ul of buffer A, and proteins
bound to the FLAG beads were dissociated by incubation
with 1 mM synthetic FLAG peptides in buffer A for 120 min
at 4 °C. Approximately 3 ug of protein (0.01% of starting
materials) were routinely recovered by this procedure. The
samples were electrophoresed and subjected to SDS-PAGE
and immunoblotting.

Immunoprecipitation and Immunoblotting—The cells were
solubilized with Laemmli buffer (0.2 m Tris-HCI, 4% SDS,
10% glycerol, 5% 2-mercaptoethanol, 0.1% bromphenol
blue). Equal amounts of protein from whole cell lysates were
resolved by SDS-PAGE. Then the proteins were transferred
to polyvinylidene difluoride membranes (Millipore, Bil-
lerica, MA) using an electroblotting apparatus (Mighty Small
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FIGURE 1.Pin1 enhances insulin signaling. A, mice were fed a control diet or HFD for the indicated periods. Liver, muscle, and adipose tissue lysates were
prepared, then immunoblotted (/B) with anti-Pin1 or anti-actin antibody. B and C, Pin1 enhances insulin-induced IRS-1 phosphorylation and its
downstream signaling. B, LacZ or Pin1 was overexpressed in HepG2 cells. IP,immunoprecipitates. C, HepG2 cells were treated with control siRNA or Pin1
siRNA. In both experiments, at the indicated times after initiating insulin stimulation, lysates were prepared from HepG2 cells. Then phosphorylation
levels and protein amounts of IRS-1, p85 associated with IRS-1 and Akt Thr-307 and Ser-473 phosphorylations, and the Pin1 were determined. D, the Pin1
inhibitor Juglone attenuated the insulin-induced IRS-1 phosphorylation in HepG2 cells. HepG2 cells were treated with or without 10 um Juglone for 30
min. At the indicated times after initiating insulin stimulation, lysates were prepared from HepG2 cells. Then phosphorylation levels and protein
amounts of IRS-1, p85 associated with IRS-1, Akt Thr-307 and Ser-473 phosphorylations were determined. E, wild-type, but not the inactive mutant of
Pin1, enhanced insulin-induced IRS-1 phosphorylation and its downstream signaling. LacZ, wild-type Pin1, or R68A/R69A-mutated Pin1 was overex-
pressed in HepG2 cells. At the indicated times after initiating insulin stimulation, lysates were prepared from HepG2 cells. Then, phosphorylation levels
and protein amounts of IRS-1, p85 associated with IRS-1,and Akt Thr-307 and Ser-473 phosphorylations were determined. A representative immunoblot
from four independent experiments is shown.

phatidylinositol-3-kinase), anti-Pin1, phospho-Akt (Thr-308 and
Ser-473), or 4G10 antibody. The bands were quantitatively ana-

Transphor; Amersham Biosciences) and subjected to immu-
noblotting using the Super Signal West Pico Chemilumines-

cence System (Pierce). The results of several immunoblots
were quantitatively analyzed using an LAS-3000 mini (FUJI-
FILM, Tokyo, Japan).

Supernatants containing equal amounts of protein (2 mg) were
incubated with anti-IRS-1 and anti-IRS-2 antibodies (5 ug each)
and then with 100 ul of protein A- and G-Sepharose. These immu-
noprecipitates and cell lysates were boiled in Laemmli sample
buffer containing 100 mmol/liter dithiothreitol, electrophoresed,
and immunoblotted with anti-IRS-1, anti-IRS-2, anti-p85 (phos-
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lyzed using the LAS-3000 mini.

Preparation of Baculovirus-produced Recombinant Proteins—
Full-length coding regions of human Pinl, GFP-tagged Pinl,
IRS-1, and DsRed-tagged full-length and deletion mutants of
IRS-1 were subcloned into pBacPAK9 transfer vector (Clon-
tech, Mountain View, CA), and baculoviruses were prepared
according to the manufacturer’s instructions. For protein pro-
duction, Sf9 cells were infected with these baculoviruses and
grown for 48 h.
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Pin1 Enhances Insulin Actions and Adipogenesis

A) Silver B C
(A} Siver IB: anti-Pin1 Ab (B) (©
stalnmg
HepG2 cells 5f9 cells
“ole RS- IP: IRS-1 1B: GFP S IP:IRS-1 1B: GFP E
- 111kDa Input: IRS-1 C == Input: IRS-1 [ W
[ 93kDa Input: GFP-Pinl  mapp Input: GFP-Pin1 »\Zl
Input: GFP -’lj Input: GFP =i
[+ oekhe GFP-Pin1 + + GFP-Pinl + +
GFP + GFP +
= 29kDa IRS-1 + o+ IRS-1 + 4
B~ 21kpa o g Pinl (E) (F) (G) "
Pin1 Structure - @
£ § z
e B e s 1 38 163 R
® © e — E5bigy bt
B:RS-1 (M - - o
(D) 1p:1gG  IRS-1 ww PPlase
(H) (1) ip:iRs-1 El
g § 1B: GFP
ol Input: IRS-1 E
w w
© O Input: GFP-Pinl
1P: IRS-1 E Input: GFP =
1B: GST )
GFP-Pinl + + +
ciap - F GFP +
IRS-1 + o+ 4+
Okadaic acid +
(1 ug/ml)

FIGURE 2. A, Pin1 association with IRS-1 is shown. IRS-1 with the N-terminal MEF tag was overexpressed in mouse liver using adenovirus gene transfer, and
IRS-1-containing complexes were purified. The samples were electrophoresed, then silver-stained (left panel) and immunoblotted (/B) with anti-Pin1 antibody
(Ab, right panel). B, IRS-1 or control LacZ was overexpressed with GFP or GFP-Pin1 in HepG2 cells. The cell lysates were immunoprecipitated (/P) with anti-IRS-1
antibody followed by immunoblotting with anti-GFP antibody. C, IRS-1 was overexpressed with GFP or GFP-Pin1 in Sf9 cells. The cell lysates were immuno-
precipitated with anti-IRS-1 antibody followed by immunoblotting with anti-GFP antibody. D, the mouse liver cell lysates were immunoprecipitated with
anti-IRS-1, and the immunoprecipitates were immunoblotted with anti-Pin1 and anti-IRS-1. £, Pin1 structure. GST-Pin1, GST-Pin1 WW domain, and GST-Pin1
PPlase domain were prepared. With incubation, these GST-proteins were conjugated to beads and cell lysates from IRS-1 overexpressing Sf-9 cells. F, GST-Pin1,
but not GST alone, bound to IRS-1 in vitro. G, GST-WW, but not the GST-PPlase domain, bound IRS-1. H, lysates of Sf-9 cells overexprressing IRS-1 were treated
with or without 40 units/ml alkaline phosphatase. Then the cell lysates were incubated with GST-WW domain and immunoprecipitated with anti-IRS-1
antibody. The immunoprecipitates were electrophoresed and immunoblotted with anti-GST antibody. |, HepG2 cells overexpressing IRS-1 or control LacZ were
overexpressed with GFP or GFP-Pin1, then incubated with or without 1 ug/ml okadaic acid for 1 h. The cell lysates were immunoprecipitated with anti-IRS-1

antibody followed by immunoblotting with anti-GFP antibody.

Preparation of Glutathione S-transferase (GST)-Pinl Fusion
Protein—cDNAs encoding full-length human Pinl and the
WW and PPIase domains of Pin1 were subcloned into a pGEX-
4T-1 vector (GE Healthcare), which was used to transform
Escherichia coli ]M105 (Promega, Madison, W1). Transformed
cells were grown to an A, of 0.6 in LB medium supplemented
with 0.1 mg/ml ampicillin and stimulated for 3 h with 1.0 mm
isopropyl-B-p-thiogalactopyranoside. GST fusion proteins
were isolated and purified by affinity chromatography on a glu-
tathione-Sepharose 4B column (GE Healthcare). Glutathione
was removed by dialysis against phosphate-buffered saline con-
taining 10 mwm dithiothreitol.

RNA Interference—For the knockdown of human Pinl, a
validated Stealth™ RNAi of human Pinl (5'-CGGCAACAG-
CAGCAGUGGUGGCAAA-3') was used. After RNAi and
RNAIMAX in Opti-MEM had been mixed, they were intro-
duced into HepG2. Forty-eight hours later, the cells were stim-
ulated with insulin for the indicated times. Mouse Pinl RNAi
(5'-CACAGTATTTATTGTTCTAA-3') was purchased from
Invitrogen. Similarly, 48 h after introduction into 3T3-L1 cells,
differentiation was induced by a mixture including isobutyl-
methylxanthine, dexamethasone, and insulin.
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Intraperitoneal Glucose, Insulin, and Pyruvate Tolerance
Tests—Mice were fasted for 14 h followed by blood sampling
and intraperitoneal injection of glucose (2 g/kg body wt), insu-
lin (0.75 units/kg body wt), or pyruvate (2 g/kg body wt). Whole
venous blood was obtained from the tail vein at the indicated
times after the glucose load. Blood glucose was measured with a
portable blood glucose monitor.

In Vivo Insulin Stimulation—In brief, mice were anesthe-
tized with pentobarbital sodium. The portal vein was exposed,
and 0.4 ml of normal saline (0.9% NaCl) with or without insulin
(25 milliunits/g of body wt) were injected. Livers were removed
30 s later, hind limb skeletal muscles 90 s thereafter, and imme-
diately homogenized with a Polytron homogenizer in 6 vol-
umes of solubilization buffer. Both extracts were centrifuged at
15,000 g for 30 min at 4 °C, and the supernatants were used as
samples for immunoprecipitation and immunoblotting.

Glucose Uptake in Isolated Skeletal Muscle—Mice were anes-
thetized, and soleus muscles were dissected out and rapidly cut
into 2—3-mg strips. Muscle strips were incubated in a shaking
water bath at 35 °C for 60 min in a 20-ml flask containing 2.0 ml
Krebs-Henseleit bicarbonate buffer supplemented with 8 mm
glucose, 32 mm mannitol, and 0.1% bovine serum albumin
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FIGURE 3. A and B, the constructs of IRS-1 deletion mutants are shown. Baculoviruses expressing these six mutants with the N-terminal DsRed tag were
prepared. These six deletion mutants were overexpressed with GFP or GFP-Pin1 in Sf-9 cells. The cell lysates were immunoprecipitated (/P) with anti-GFP
antibody followed by immunoblotting (/B) with anti-DsRed antibody. The upper immunoblot shows that mutant 3 binds to GFP-Pin1, but not to GFP alone. PH,
pleckstrin homology; PTB, phosphotyrosine binding. C and D, shown are the orientations of four candidate Ser/Pro motifs in mutant 3 involved in the
association with Pin1. Wild-type IRS-1 or IRS-1 S434A was overexpressed with GFP-Pin1 or GFP in Sf-9 cells. The cell lysates were immunoprecipitated with
anti-IRS-1 antibody followed by immunoblotting with anti-GFP. The upper panel shows that, unlike the wild type, IRS-1 S434A does not associate with Pin1.E,
HepG2 cells were stimulated with insulin for 3 min, then cell lysates were immunoprecipitated with anti-IRS-1 or anti-Pin1 antibody. Both samples were
electrophoresed and immunoblotted with anti-Tyr(P) (pTyr) or anti-IRS-1 antibody (upper panel). The IRS-1 phosphorylation level and protein amount were
calculated as the means = S.E. of three samples (*, p < 0.05). F, MEF-tagged IRS-1, MEF-tagged S434A IRS-1, and MEF-tagged IRS-2 were overexpressed with
control LacZ or Pin1 in HepG2 cells. Cell lysates were then immunoprecipitated with anti-FLAG-tag antibody and immunoblotted with anti-Tyr(P) and

anti-FLAG-tag antibodies.

(BSA) (radioimmunoassay grade). Flasks were gassed continu-
ously with 95% O,, 5%CO, throughout the experiment. The
muscles were then incubated for 20 min in oxygenated KRB
buffer in the presence or absence of human insulin (2 milli-
units/ml) and then incubated for 20 min at 29 °C in 1.5 ml of
KRB buffer containing 8 mm 2-deoxy-p- [1,2-*H(N)]glucose
(2.25 uCi/ml), 32 mm [**C]mannitol (0.3 wCi/ml), 2 mm sodium
pyruvate, and 0.1% BSA. After the incubation, muscles were
rapidly blotted, weighed, and solubilized with 1 ml of Soluene
350 (PerkinElmer Life Sciences). The samples were counted in a
liquid scintillation counter. 2-Deoxy-[*H]glucose uptake rates
were corrected for extracellular trapping using ['*C]mannitol
counts.

Quantitative Real-time Reverse Transcription-PCR—Total
RNA was extracted from 3T3-L1 adipocytes or mouse liver and
epididymal adipose tissue using Sepasol reagent (Nakalai Tes-
che, Kyoto, Japan). First-strand cDNAs were synthesized using

20816 JOURNAL OF BIOLOGICAL CHEMISTRY

PrimeScript reverse transcriptase with oligo(dT). Real-time
PCR was performed using SYBR Green PCR master mix (Invit-
rogen) on an ABI Prism 7000 sequence detection system
(Applied Biosystems, Foster City, CA). The primers were
designed as follows: SREBP1 forward: GGAGCCATGGATTG-
CACATT; SREBP1 reverse, GGCCCGGGAAGTCACTGT;
SREBP2 forward, TAACCCCTTGACTTCCTTGCT; SREBP2
reverse, TGCTCTTAGCCTCATCCTCAA; ACC forward,
TCTCTGGCTTACAGGATGGTTTG; ACC reverse, GAGT-
CTATTTTCTTTCTGTCTCGACCTT; FAS forward, GCTG-
CGGAAACTTCAGGAAAT; FAS reverse, AGAGACGTG-
TCACTCCTGGACTT; SCD forward, GTCAAAGAGAAG-
GGCGGAAAAC; SCD reverse, AAGGTGTGGTGGTA-
GTTGTGGAAG.

Statistical Analysis—Results are expressed as the means *=
S.E., and significance was assessed using one way analysis of
variance unless otherwise indicated.

VOLUME 286+NUMBER 23+JUNE 10, 2011



RESULTS

Increased Pinl Expression in Mouse Liver, Muscle, and Fat
Tissue with High-fat Diet Feeding—We previously reported
that Pin1 protein is increased in the fed state (19). In this study
we speculated that Pinl expression might be regulated by
altered nutrient conditions and examined Pinl expression
alteration in mice fed a HFD. As shown in Fig. 14, HFD feeding
markedly increased Pinl protein in liver, muscle, and epididy-
mal fat tissue. Pinl amounts in other tissues such as the brain
were not significantly altered (supplemental Fig. 1).

Enhancing Effect of Pinl on Insulin Signaling—Because Pinl
expression was affected by nutrient conditions, we examined
the possible involvement of Pinl in glucose and lipid metabo-
lism regulation. First, to elucidate the effect of Pinl on insulin
signaling, HA-tagged Pinl was overexpressed in HepG2 cells
(Fig. 1B and supplemental Fig. 24). The overexpressed Pinl
amount was ~5-fold that of endogenous Pinl. In this state,
insulin-induced IRS-1 phosphorylation and p85 association
with IRS-1 and Akt phosphorylation were all markedly
enhanced, whereas IRS-1 and Akt protein amounts were
unchanged. Pinl gene suppression using siRNA attenuated
these events (Fig. 1C and supplemental Fig. 2B). Similar data
were obtained using the Pinl-specific inhibitor Juglone, which
has no effects on the activities of other prolyl isomerases, such
as FKBP (FK506-binding protein) and cyclophilin A (21) (Fig.
1D and supplemental Fig. 2C). In addition, overexpression of
the inactive mutant of Pinl (R68A/R69A), in which Arg-68 and
Arg-69 are replaced by Ala, failed to enhance insulin signaling
(Fig. 1E and supplemental Fig. 2D). Thus, Pinl expression level
and activity regulate the efficiency of insulin-induced IRS-1
phosphorylation.

Association of Pinl with IRS-1—Because Pinl markedly
enhanced insulin-induced IRS-1 phosphorylation, we consid-
ered a direct association of Pinl with IRS-1. First, we used an
MEF-tagged purification system, i.e. IRS-1 fused with N-termi-
nal triple tags consisting of an myc tag, tobacco etch virus pro-
tease cleavage sequence, and FLAG tag overexpressed in mouse
liver. Sequential affinity purification was performed using three
steps; myc tag antibody immunoprecipitation, elution by
tobacco etch virus protease digestion, and finally, FLAG tag
antibody immunoprecipitation. Purified IRS-1 containing
complexes were electrophoresed and then silver-stained, which
demonstrated bait proteins of IRS-1 and many others including
14-3-3 proteins. Immunoblotting using Pinl antibody indi-
cated the presence of Pinl in IRS-1 complexes (Fig. 24). To
confirm the association between IRS-1 and Pinl, IRS-1 and
either GFP-Pinl or GFP was co-overexpressed in HepG2 or
Sf-9 cells. As shown in Fig. 2, B and C, GFP-Pinl, but not GFP
alone, was detected in IRS-1 immunoprecipitates. Further-
more, Pinl was detected in immunoprecipitates with anti-
IRS-1 antibody, but not control IgG, from mouse liver (Fig. 2D).
Thus, the association between IRS-1 and Pin1 is physiological.

To identify the Pinl domain responsible for the association
with IRS-1, GST-Pinl, the GST-Pinl WW domain, and the
GST-Pinl PPlase domain were prepared (Fig. 2E). These GST
proteins were conjugated to beads and incubated with cell
lysates from IRS-1-overexpressing Sf-9 cells. GST-Pin1, but not
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(o)
o

GST alone, bound to IRS-1 in vitro (Fig. 2F). This pulldown
system experiment revealed the GST-WW domain, but not
that of GST-PPlase, to bind IRS-1 (Fig. 2G). In addition, treat-
ing IRS-1 with alkaline phosphatase completely abolished the
association with Pin1 (Fig. 2H), whereas okadaic acid treatment
significantly increased this association (Fig. 2I), suggesting
involvement of serine and/or threonine phosphorylation in
IRS-1.

Subsequently, six DsRed-tagged IRS-1 deletion (N termini)
mutants (Fig. 34) and GFP-tagged Pinl were co-overexpressed
in Sf-9 cells. As shown in Fig. 3B, the IRS-1 deletion mutant 3
containing amino acids 359-491 was immunoprecipitated
with GFP-tagged Pinl. There are four serine-proline motifs in
this portion (Fig. 3C). Each of these serine residues was replaced
with alanine, and the mutant not associating with Pinl was
examined. As shown in Fig. 3D, IRS-1 with serine 434 replaced
by alanine did not bind Pinl, indicating that the association
between IRS-1 and Pin1 is mediated via the phosphoserine 434-
containing motif in IRS-1 and the WW domain in Pin1. Ser-434
is in the SAIN (Shc and IRS-1 NPXY binding) domain, which
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has been suggested to be involved in the association with the
activated insulin receptor (22, 23). IRS-1 contains many serine/
threonine residues that are heavily phosphorylated even under
basal conditions, and Ser-434 is probably one such residue.

Furthermore, to test whether or not enhanced IRS-1 phos-
phorylation is really mediated by direct association between
IRS-1 and Pinl, insulin-induced phosphorylation levels of IRS-1
were compared between immunoprecipitation with IRS-1 anti-
body versus anti-Pinl antibody using HepG2 cells. There was
much less IRS-1 in the anti-Pinl antibody immunoprecipitate
than in the anti-IRS-1 immunoprecipitate, whereas insulin-in-
duced IRS-1 phosphorylation was far greater with anti-Pinl
antibody immunoprecipitated IRS-1 (Fig. 3E). The tyrosine
phosphorylation level/IRS-1 protein ratio was extremely high
in the anti-Pin1 antibody immunoprecipitate as compared with
the whole IRS-1 ratio. In addition, the effects of Pin1 on insulin-
induced phosphorylations of S434A-mutated IRS-1 unable to
associate with Pin1 as well as on IRS-2 were examined (Fig. 3F).
FLAG-tagged wild-type, S434A IRS-1, or FLAG-tagged IRS-2
were co-overexpressed with Pinl or LacZ in the HepG2 cells.
The insulin-induced tyrosine phosphorylation of S434A IRS-1
was unaffected by Pinl overexpression, whereas that of wild-
type IRS-1 was markedly enhanced (Fig. 3F). It is noteworthy
that IRS-2 phosphorylation is not significantly altered by Pin1.
The phosphorylation of endogenous IRS-2 was also unaffected
by Pinl overexpression, although IRS-2 binds to Pinl when
overexpressed in HepG2 cells (supplemental Fig. 3). Our obser-
vations suggest that association of Pinl with IRS-1 markedly
enhances insulin-induced IRS-1 phosphorylation and its down-
stream signaling.

Insulin Resistance and Glucose Intolerance in Pinl KO Mice—
To elucidate the in vivo role of Pinl in metabolism, the insulin

20818 JOURNAL OF BIOLOGICAL CHEMISTRY

signaling and sensitivity of Pinl1 KO mice (20) were investi-
gated. Insulin signaling was investigated first. Injecting insulin
via the portal vein revealed insulin-induced IRS-1 tyrosine
phosphorylation, the association of p85 with IRS-1 and Akt
phosphorylation weaker in Pinl KO liver and muscle than in
those of wild-type mice (Fig. 44 and supplemental Fig. 4). Glu-
cose and insulin tolerance tests demonstrated the insulin resis-
tance of Pinl KO mice (Fig. 4, C and D), whereas fasting serum
insulin concentrations did not differ (Fig. 4B). The insulin-in-
duced glucose uptake into isolated soleus muscle was also
decreased in Pin1 KO mice as compared with controls, indicat-
ing muscle insulin resistance (Fig. 4E). The pyruvate tolerance
test showed higher blood glucose concentrations in Pinl KO
mice, suggesting hepatic insulin resistance in these mice (Fig.
4F). Thus, in Pin1 KO mice, IRS-1 phosphorylation and down-
stream events are attenuated, and insulin resistance is present
in both liver and muscle.

Hepatic Pinl Overexpression Improves Insulin Resistance in
ob/ob Mice—Interestingly, Pinl expression was not altered in
ob/ob mice as compared with lean controls. The reason is
unclear, but we speculate that lack of a Pinl expression
response would exacerbate lipid and glucose metabolism
abnormalities in 0b/0b mice. We examined whether Pinl over-
expression might improve insulin resistance in ob/ob mice.
Adenovirus for expressing Pinl was injected intravenously.
Adenovirus-mediated gene expression is reportedly limited to
the liver (24) if adenovirus is injected into the bloodstream.
Indeed, 72 h after injection, the amount of Pin1 was increased in
the liver but not in muscle or adipose tissue (Fig. 54 and sup-
plemental Fig. 5). In ob/ob mice, insulin-induced tyrosine
phosphorylations of IRS-1 and IRS-2 and phosphatidylinosi-
tol 3-kinase/Akt activations were markedly impaired as
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reported previously (25) (Fig. 5, D—G). Pinl overexpression
normalized the decreased insulin-induced IRS-1, but not
IRS-2, phosphorylation (Fig. 5, D and E). Hepatic Akt phospho-
rylations were also restored by Pinl overexpression (Fig. 5, F
and G). As reflected by improved insulin-signaling, glucose tol-
erance improved, i.e. fasting glucose concentrations (Fig. 5B)
and expression levels of PEPCK and glucose-6-phosphatase
were normalized (supplemental Fig. 6). The insulin tolerance
test response was also improved (Fig. 5C). Thus, Pinl overex-
pression improves insulin sensitivity in 0b/ob mice.

Critical Role of Pinl in Adipose Differentiation—Given the
known role of insulin in adipose differentiation (26) and the
increased Pinl expression in WAT with HFD feeding, we spec-
ulated that Pinl plays a critical role in diet-induced adipogen-
esis. First, Pinl expression was shown to be up-regulated in
3T3-L1 cells during adipose differentiation (Fig. 6A4). Then, the
effect of Pin1 gene silencing using siRNA on adipose differ-
entiation of 3T3-L1 adipocytes or human preadipocytes was
examined (Fig. 6, B and C, and supplemental Fig. 7). Adipose
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differentiation of these cells was markedly impaired with
suppressed inductions of PPARvy, c/EBP«, and C/EBPS,
known as master regulator genes of adipose differentiation
(27-29) (Fig. 6D). In addition, expression of PPARYy protein,
a marker of mature adipocytes, was reduced by Pinl knock-
down (Fig. 6C). Compensatory overexpression of PPAR7y
overcomes the suppressive effect of Pinl siRNA on adipose
differentiation (Fig. 6C).

Next, the adipose tissue of Pin1 KO mice was investigated.
In normal mouse epididymal adipose tissue, PPARY,
¢/EBPa, and CEBP/f3 as well as SREBP1, SREBP2, acetyl-
CoA carboxylase, fatty acid synthase, and stearoyl-CoA-de-
saturase were markedly up-regulated by HED feeding, which
contributed to the enlargement of adipose tissues. In con-
trast, in Pin1 KO mouse adipose tissues, these increased gene
expressions were significantly suppressed (Fig. 7, A and B),
thereby markedly suppressing adipose tissue enlargement
and weight gain on the HFD (Fig. 7, C and D). Thus, we
concluded that Pinl is a key regulator of diet-induced adipo-
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genesis as Pinl KO mice were clearly resistant to HFD-in-
duced obesity.

DISCUSSION

Pinl amounts increased according to nutrient state, as
shown by marked elevation on a high-fat as compared with a
normal diet. The Pin1 level was also higher in the fed than in the
fasted state (19). Whereas previous studies have shown that
Pinl expression generally correlates with cell proliferative
potential in normal tissues (7, 12) and is further up-regulated
in many human cancers (30, 31), our findings are the first
suggesting a relationship between Pinl protein and nutrient
conditions.

We also demonstrated that Pinl is a positive regulator of
insulin signaling via enhanced insulin-induced IRS-1 phosphor-
ylation, based on a data series obtained using in vitro and in vivo
overexpression of Pinl, gene silencing, a specific inhibitor, and
Pinl KO mice. The principal insulin receptor substrates, IRS-
protein family members such as IRS-1 and IRS-2, adaptor pro-
teins from the activated insulin receptor, are tyrosine-phosphor-
ylated and thereby activate phosphatidylinositol 3-kinase/Akt.
Pin1 binds to the Ser-434-containing motif of IRS-1, which is in
the SAIN domain, via its WW domain. Because the SAIN
domain reportedly plays an important role in the association
with the insulin receptor (21, 22), it is speculated that Pinl
modifies the conformation of the SAIN domain and thereby
enhances IRS-1 tyrosine phosphorylation by the insulin recep-
tor. Similar enhanced phosphorylation of signal transduction
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protein via association with Pinl has been reported for STAT3
(32).

Regarding the downstream signaling from the insulin recep-
tor, the phosphatidylinositol 3-kinase/Akt pathway activation
is essential for almost all insulin-induced glucose and lipid
metabolism activities, e.g. glucose uptake, glycogen synthesis,
suppression of glucose output, and triglyceride synthesis. Thus,
in the muscles of Pin1 KO mice showing impaired Akt activa-
tion, glucose incorporation into muscle with insulin stimula-
tion was decreased.

Insulin-induced phosphatidylinositol 3-kinase/Akt activa-
tions also play a role in adipogenesis (25, 33). It was shown that
Pinl-deficient preadipocytes clearly fail to differentiate into
adipocytes. This suppression was accompanied by insufficient
inductions of PPARY, ¢c/EBP«, and ¢/EBP. On the other hand,
overexpression of PPARy reversed the Pinl siRNA-induced sup-
pression of adipose differentiation. Although the molecular mech-
anisms underlying insulin-induced induction of adipogenic genes
has yet to be fully elucidated, previous reports have shown the
essential action of SREBPs for adipogenesis to probably be via reg-
ulation of its downstream PPARy (34, 35). Indeed, in adipose tis-
sue from Pinl KO mice, SREBPs and downstream gene expres-
sions were decreased. These observations indicate that, as a
consequence of impaired adipose differentiation, Pin1 KO mice
are resistant to HFD-induced obesity.

Based on our data series, we can speculate as to the physio-
logical significance of Pinl with respect to metabolic regula-
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tion. When nutrients enter the body, excess glucose, lipids, and
amino acids are stored mainly in the liver, muscle, and adipose
tissue. Although insulin is the critical hormone for this process,
we consider Pinl to be involved in the mechanisms enhancing
insulin sensitivity in peripheral tissues. Increased Pinl expres-
sion functions to increase insulin sensitivity, thereby maintain-
ing homeostasis in response to food or excess nutrient intake.
Intriguingly, Pinl enhances the signal from IRS-1 but not that
from IRS-2. Although IRS-2 bound to Pinl when both were
overexpressed in HepG2 cells (supplemental Fig. 3), no associ-
ation of endogenous IRS-2 and Pinl was detected (data not
shown). Thus, it is likely that IRS-2 associates with Pin1 far less
efficiently than does IRS-1, which might account for the differ-
ent effects of Pinl on IRS-1 and IRS-2. Although several studies
have revealed different roles for IRS-1 and IRS-2 (36, 37), we
speculate that selective enhancement of IRS-1 signaling may
contribute to greater hepatic lipid synthesis, as IRS-1 phosphor-
ylation lasts much longer than that of IRS-2. Indeed, constitu-
tive Akt overexpression induces marked lipid accumulation in
the liver with blood glucose lowering (24). Thus, increased Pin1
expression is considered to be a physiologically beneficial
response to excess nutrient intake.

However, excessive energy intake eventually causes fatty
liver and obesity, which lead to the development of metabolic
syndrome. In this condition, several kinases including mamma-
lian target of rapamycin (mTOR), inhibitory kB kinase 3, c-Jun
N-terminal kinase, extracellular signal regulated kinase, and S6
kinase, induce the phosphorylations of serine 307, 302 and 612
of IRS-1, leading to reduced insulin-induced IRS-1 tyrosine
phosphorylations and thereby contributing to insulin resis-
tance (38 —43). Thus, the efficiency of IRS-1 tyrosine phos-
phorylations appears to be up-regulated by increased Pinl
association and down-regulated by the aforementioned mul-
tiple serine phosphorylations. We speculate that both phe-
nomena take place under conditions of energy excess, but
when prolonged, the latter down-regulating mechanism
becomes dominant.

In conclusion, we have demonstrated the important role of
Pinl as a positive modulator of insulin signaling as well as an
inducer of obesity. Thus, Pinl might be regarded as somewhat
of a double-edged sword in that it increases insulin sensitivity
but also promotes obesity (Fig. 8). However, suppression of
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Pinl activity specifically in adipocytes might be a novel pre-
ventive treatment for obesity. Otherwise, if hepatic lipid
accumulation is not severe, agents increasing Pinl expres-
sion or enzymatic activity, i.e. targeting Pinl, may hold
promise for treating Type 2 diabetes mellitus by improving
hepatic insulin sensitivity.
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