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ABSTRACT

The prolyl isomerase Pinl interacts with
a ribosomal protein S6 kinase to enhance

insulin-induced AP-1 activity and cellular transformation

Lee Na Yeon

Advisor : Prof. Choi Hong Seok Ph.D
Department of Pharmacy,

Graduate School of Chosun University

Phosphorylation of proteins on serine or threomesdues that
immediately precede proline (pSer/Thr-Pro) is djpeadly catalyzed by
the peptidyl-prolyl cis/trans isomerase Pinl andlPis a central
signaling mechanism in cell proliferation and tfansation. Although
Pinl is frequently overexpressed in hepatocellakcinoma (HCC),
the molecular mechanism of Pinl in HCC has not bemmpletely
elucidated. Here, we show that Pinl interacts witBS6Kin vitro and
ex vivo. Overexpression of Pinl resulted in enhanced pROS6
phosphorylation induced by insulin in SK-HEP-1 selln contrast,

PinI” mouse embryonic fibroblasts (MEFs) exhibited digantly



decreased insulin-induced p70S6K phosphorylatiormpaoed to

Pin1"* MEFs. Furthermore, Pinl enhanced the insulin-iedUeRK1/2

phosphorylation through its interaction with p70S6Whereas the
inhibition of p70S6K activity by rapamycin suppredsnsulin-induced
ERK1/2 phosphorylation in SK-HEP-1 cells. HencenIPaffected AP-
1 activity through p70S6K-ERK1/2 signaling in SK-R&. cells. Most
importantly, Pinl-overexpressing JB6 Cl41 cells aarded neoplastic
cell transformation promoted by insulin much moteart GFP-

overexpressing JB6 Cl41 control cells. These resgufiply that Pinl

amplifies insulin signaling in hepatocarcinoma selhrough its

interaction with p70S6K, suggesting that Pinl plagsimportant role
in insulin-induced tumorigenesis and is a poterthatapeutic target in
hepatocarcinoma.

Keywords: Pinl, p70S6K, ERK1/2, insulin, AP-1, hepatocaraiao
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the mashimon
malignancies worldwide (1,2). HCC is an aggresdiwmor with a
generally poor prognosis (3). Oncogenesis is aisteft process that
ultimately results in uncontrolled cell proliferati and neoplastic cell
transformation. A pivotal signaling mechanism reguolg cell
proliferation is the phosphorylation of proteins se&rine or threonine
residues preceding proline (pSer/Thr-Pro) (4). fidwent identification
and characterization of a peptidyl-prolyl cis/trassmerase, Pinl, has
led to the discovery of a new phosphorylation ratprly mechanism in
cell signaling (5-8). Pinl is an enzyme that speaiy binds
phosphorylated serine or threonine immediately gutgy proline (7)
and then regulates protein function, including tagon of catalytic
activity levels, phosphorylation status, proteitemaction, subcellular
location, and/or protein stability by promoting /tigns isomerization
of the peptide bond (9,10). Pinl contains both &ip-términal WW
domain and a COOH-terminal isomerase domain (1he WW
domain binds specific pSer/Thr-Pro motifs to enathle isomerase

domain to function by inducing conformational chesgin the

11



pSer/Thr-Pro bond (11). Recently, it was reportéht tPinl is
overexpressed in HCCs (11-13). A better understandf the role of
Pinl in hepatocarcinogenesis may lead to the ffieation of
molecular targets for prevention and therapeuterirention.

One potential target that has emerged as a nevapbetic
target in the management of hepatocellular carcanesnthe signal
transduction pathway centered on the mammaliaretafyrapamycin
(mTOR) protein kinase (14). The mTOR signaling pah is
integrated with the insulin-regulated phosphatidgsitide-3-OH-
kinase (PI3K) pathway to control nutrient and egelgpmeostasis
(15,16). Rapamycin and its derivatives, RAD001 (&ts) and CCI-
779 (Wyeth Ayerst), which are presently in clinidaials for the
treatment of solid tumors, block mTOR signaling forming an
inhibitory complex with the immunophilin FKBP12; BR12 binds to
and inhibits the ability of mTOR to phosphorylatewhstream
substrates, including the ribosomal S6 kinases $pK), S6K1 and
S6K2, and translation initiation factor 4E bindipigpteins (17-19). The
importance of MTOR as a therapeutic target in battnent of HCC is
underscored by reports that this pathway is add/at a large number

of these tumors and that mTOR and p70S6K are opegsged in a

12



significant proportion of hepatocellular carcinon{@®,21). However,
the molecular mechanism of mTOR action in hepalolkeglcarcinoma
is not fully understood.

Our data provide the first evidence that Pinl ratpd the
insulin-signaling pathway in such a way as to imsee the
phosphorylation of ribosomal protein S6 kinase @G6K). In this
signaling pathway, Pinl binds phosphorylated p7QS@kich is
downstream of mTOR signaling in hepatocarcinombs cEurthermore,
Pinl affects the interaction of p70S6K with ERK1f2sulting in
increased AP-1 transactivation activity and nedmascellular
transformation. These results suggest that Pinds@a important role

in promoting insulin-induced hepatocarcinogenesis.
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2. Materials and Methods

2-1. Reagent and Antibodies

Dulbecco’s Modified Eagle Medium (DMEM) and fetad\bne
serum (FBS) were purchased from Invitrogen (Cadsli2A, USA).
Insulin (NovoLet® R) and rapamycin was purchasedmfr Novo
Nordisk (Bagsvaerd, Demark) and Calbiochem (EMD r@ibals, Inc.
Gibbstown, NJ, USA), respectively. Polyvinylidenéuwbride (PVDF)
membrane was from Millipore (Bedford, MA, USA). Rl cationic
polymer transfection reagent was obtained from [pog¢transfection
Inc. (New York, NY, USA). The dual-luciferase repmrassay system
was purchased from Promega (Madison, WI, USA). lfotdies against
phospho-p70S6K, -Akt, -ERK1/2, -Thr-Pro and totatiaodies for
each respective protein were purchased from Celjndbing
Technology Inc. (Beverly, MA, USA); phospho-GSIR3and total
GSK3 were from Upstate (Temecula, CA, USA); antidRigoat anti-
mouse IgG HRP and goat anti-rabbit IgG HRP werenf@anta Cruz
Biotechnology (Santa Cruz, CA, USA); anti-Xpress swérom

Invitrogen (Carlsbad, CA, USA).

14



2-2. Céll culture and transfection

SK-HEP-1 human hepatocellular carcinoma cells, HE3
human embryonic kidney cells, aniin1** and Pin1” mouse
embryonic fibroblast (MEF) cells were grown in DMEdpplemented
with 10% fetal bovine serum, glutamine, and antibg (100U/mL
penicillin, 10Qug/mL streptomycin). Th@in1"* andPinl1” MEF cells
were kindly provided by Dr. Kun Ping Lu (Beth IskaBeaconess
Medical Center, Harvard Medical School, MA). Cellsre incubated at
37°C in humidified air containing 5% GODNA transfection of cells
was performed using jetPEIl cationic polymer tractbm reagent

(Polyplus-transfection Inc., New York, NY, USA).

2-3. Construction of mammalian expression and small interfering
RNA vectors
For the mammalian two-hybrid (M2-H) system, the &3\of
50 human kinases were amplified by polymerase clesntion (PCR)
and each introduced into the pACT or pBIND two-hglaystem vector.
In this system, pBIND and pACT (Promega) are fusientors used to

link proteins to the GAL4 DNA binding domain and tbe VP16

15



transactivation domain. pBIND-Pinl was generated BR$R and
subcloned into the pcDNAXpress vector (Invitrogen, Carlsbad, CA).
A segment encoding the full coding sequence ofstflected human
kinase candidate, in this case p70S6K, was amgliig PCR and
cloned in-frame into th&amHI/Xbal sites of the pACT fusion vector
or the BamHI/Xhol sites of the pcDNA3.Myc fusion vector to
produce plasmid pACT-p70S6K or pcDNA3Vc-p70S6K,
respectively. pBIND-Pinl-wild type (WT), -WW doma{lvW), and -
PPlase domain (PPlase) were a gift from by Dr. Rumg Lu (Beth
Israel Deaconess Medical Center, Harvard Medichlo8ic MA). For
the knockdown of human Pin1, a validated Sté¥ItRNAi DuoPak of
human Pinl was purchased from Invitrogen (Carlsl@a), and was
introduced using jet8'-ENDO according to the recommended

protocols (Polyplus-transfection Inc., New York, NY

2-4. Infection of GFP and Pinl into JB6 Cl41 cells
Pinl was stably expressed in JB6 Cl41 cells usiegMSCV-
GFP retrovirus system. Human Pinl was subclonea til MSCV-
GFP retroviral vector (Clontech Inc., Mountain Vie@A) and phoenix

cells (a packaging cell line) were transfected WitBRCV-GFP (control)

16



or MSCV-Pinl-GFP (Pinl-overexpressing) plasmid. enoatants
containing amphotropic replication-incompetent oetuses were
collected and then stored at -80°C until requit#b Cl41 cells (20%
confluent) were multiply infected (8 times) withtnavirus particles.
Intensities of infection were monitored by GFP-flescence and

western blotting analysis using the Pinl-specifittady.

2-5. Mammalian two-hybrid assay

pACT-p70S6K, pBind-Pin1-WT, pBind-Pin1-WW or pBind-
Pinl-PPlase was combined with pG5-luciferase inakbqoolar ratio
and the total amount of DNA was at most 100 ng/whiansfections
were performed using the jetPElI reagent as destribg the
manufacturer. The cells were disrupted by direditaah of 100uL of
passive lysis buffer (Promega) into each well & 48-well plates and
then incubated at 4°C for 1 hour. The cells wemmmetely lysed by
freezing and thawing 2 times. After centrifugatié@,ul of cell lysates
were added to individual wells of a 96-well lumioesce plate. The
luminescence activity was measured using a luminem@erthold
Technologies LB941, Bad Wildbad, Germany). Thetnetaluciferase

activity was calculated and normalized to the pG&férase basal

17



control. To assess transfection efficiency andginotoncentration, the
Renilla luciferase activity assay and Lowry protein assaye used,

respectively.

2-6. Immunoblotting

Cells were disrupted in lysis buffer [50 mM TrisH¥.5), 5
mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% Nonidet P-4D2 mM
phenylmethylsulfonyl fluoride and 1x protease intuts cocktail]. The
proteins were resolved by sodium dodecyl sulfatggmylamide gel
electrophoresis (SDS-PAGE) and transferred ontoyvoollidene
fluoride (PVDF) membranes. The membranes were klbcknd
hybridized with the appropriate primary antibodyeought at 4°C.
Protein bands were visualized by the chemilumineseealetection kit
(Amercham HRP Chemiluminescent Substrates, Amershafter
hybridization ~with  horseradish peroxidase (HRP)+jagated
secondary antibody from rabbit or mouse. For cheninescence

detection, the LAS3000-mini (Fuijifilm, Japan) wased.

2-7. Invitro binding assay

To evaluate the biochemical interaction betweenl Pamd

18



p70S6Kin vitro, DNA transfections and immunoprecipitations were
performed. The Xpress-epitope tagged Pinl-WT (pcBMNAress-
Pinl-WT) was co-transfected with myc-epitope tagged0S6K
(pPcDNA3/myc-p70S6K) into human embryonic kidneyle¢HEK293)
using the jetPElI reagent as described by the meanuéa.
pcDNA4/Xpress-Pin1-WT or pPcDNA3/myc-p70S6K was
immunoprecipitated with antibody against anti-Xjgresr anti-myc
antibody, respectively, and then immunoblotting vpasformed. The
bound proteins were denatured in sample buffersapdrated by 10-
20% SDS-PAGE; expression was detected by the LAGBQI

(Fujifilm, Japan).

2-8. Anchorage-independent cell transformation assay (soft agar
assay)

Insulin-induced cell transformation was investigate GFP-,
Pinl-infected JB6 Cl41 or JB6 Cl41 cells. In brieglls (8x 10¥/ml)
were exposed to insulin (0, 25, 50, 100 nM) in 10hl0.3% basal
medium Eagle’s agar containing 10% FBS. The cultukeere
maintained at 37°C in a 5% CO2 atmosphere for 3kseand cell

colonies larger than 80m in diameter were scored using an Axiovert

19



200M fluorescence microscope and AxioVision softwéCarl Zeiss

Inc., Thornwood, NY).

2-9. Reporter gene assays

The reporter gene assay for firefly luciferase \aigti was
performed using lysates from transfected cells. fEperter gene vector
phRL-SV40 was also co-transfected into each cell line ardRemilla
luciferase activity generated by this vector wasdut normalize for
transfection efficiency. Cell lysates were prepaogdirst washing the
transfected SK-HEP-1 cells (grown in 12-well platesice in PBS.
After complete removal of the PBS, passive lysigfdsu(200 pL;
Promega Dual Luciferase Reporter Assay System)agdsed; the cells
were then incubated for 1 hour with gentle shak®gjl lysates (8@L
each) were mixed with 50L Luciferase Assay Il reagent and firefly
luciferase light emission was measured by TriSt&erthold
Technologies LB941, Bad Wildbad, Germany). Subsetyes0 uL of
Renilla luciferase substrate was added in order to norealie firefly
luciferase data. The AP-1 luciferase reporter pldsmas kindly
provided by Dr. Jeong (College of Pharmacy, Chosimversity,

Gwangju, Korea).

20



3. Results

3-1. Pinl interacts with p706K and enhances the activity of p70S6K.
To confirm the interaction between Pinl and p70S6K,co-
transfected HEK 293 cells with Myc-tagged p70S6Kd aXpress-
tagged Pinl. Then, we immunoprecipitated cell Bsaising normal
mouse IgG or anti-Myc antibody and blotted withi2press antibody.
Reciprocal immunoprecipitation/immunoblotting usigfi-Xpress and
anti-Myc antibodies showed that the exogenouslyresqed p70S6K
interacted with Xpress-tagged full-length Pinl (FigA and B). To
determine the region of Pinl that was responsibteits interaction
with p70S6K, full-length Pinl (Pin1-WT), the WW dam of Pinl
(Pin1-WW), or the PPlase domain of Pinl (Pin1-P®I#kig. IC) was
co-transfected with p70S6K, and the interaction waamined by a
mammalian two-hybrid assay (Promega). The Pinlibgqdite on
p70S6K encompasses amino acids 1-44, located inMe domain
(Fig. 1C). To examine whether the expression of Pinl affédhe
activity of p70S6K, various doses of pcDNA4/Xprédsl were
transfected into HEK 293 cells and the cells waxabated for 48 h

under normal culture condition. Pinl enhanced thesphorylation of

21



p70S6K, as well as that of a downstream molecu&K&p (Fig. 1D).
These results suggest that the WW domain of Pin§ meaognize
specific pSer/Thr-Pro motifs in p70S6K while the I& domain

catalyzed theis/trans isomerization of pSer/Thr-Pro bonds.

3-2. Pinl enhance insulin-induced phosphorylation of p706K.

Given that all known Pinl substrates are phosphe® (6,7)
and the phosphorylation of the potential Pinl mgdsite occurs on
serine or threonine residues preceding proline (p8ePro) (4), we
examined whether the interaction between Pinl andSeK was
phosphorylation-dependent. The result showed tisatlin induced the
phosphorylation of p70S6K at a threonine residuscgading proline,
suggesting that pThr/Pro in p70S6K was necessaryiiel binding
(Fig. 2A). Next, we examined the time course for the imsiriduced
interaction of Pinl and p70S6K in human hepatonaroa SK-HEP-1
cells to determine whether endogenous Pinl and i @Bso interact
ex vivo. An antibody against p70S6K was used to immunapitate
p70S6K, and then Pinl was detected by immunoblbe Tesults
indicated that Pinl was detectable in p70S6K imrpuacipitates from

10 min to 30 min after insulin treatment (Fid3)2To assess whether
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insulin signaling was regulated by Pin1, we expd@ied*’* andPin1”
MEF cells to insulin (50 nM) and immunoblotted witfie respective
antibodies. We found significantly decreased phosghtion of
p70S6K and GSK3-in Pin1” MEF cells. However, phosphorylation
of Akt in Pin1” cells was not significantly changed compared &t ih
Pinl™* cells (Fig. £). To further determine the effect of Pinl, we
exposed mock- or pcDNA4-Pinl-transfected SK-HERIsdo insulin
(50 nM) and performed immunoblotting with the regpes antibodies.
We found significantly increased phosphorylation @f0S6K and
GSK34, but not of Akt, in pcDNA4-Pinl-transfected ceffsig. 2D).
Taken together, these data indicate that, uporiinstimulation, Pinl
interacts with phosphorylated p70S6K at a threopigeeding proline

and enhances the activity of p70S6K.

3-3. Pinl induces ERK1/2 phosphorylation through activation of
p706K.
Insulin induces the mMTOR-dependent phosphorylatafn
extracellular signal-regulated protein kinase (ERK) (22), suggesting
molecular crosstalk between p70S6K and MAPK celjnaling

pathways (23). To determine whether Pinl regulatsalin-induced
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ERK1/2 phosphorylation, we expos&hl*’ or Pin1” MEF cells to
insulin (50 nM) and performed immunoblotting withtidody against
phospho-ERK1/2. We found significantly decreasedsphorylation of
ERK1/2 inPinl”” MEF cells compared tBin1** cells (Fig. 3\). Next,
we examined ERK1/2 phosphorylation in Pinl-overegpmg SK-
HEP-1 cells to further confirm the role of Pinlimsulin signaling; we
exposed mock- or pcDNA4-Pinl-transfected SK-HERIsdo insulin
(50 nM) and performed immunoblotting with anti-ppbs-ERK1/2.
We found increased phosphorylation of ERK1/2 in Né@-Pinl-
transfected cells compared to mock-transfected ¢€ilg. B). These
data indicate that Pinl enhances insulin-induced KER
phosphorylation.

To determine whether the phosphorylation of ERK1¢2
mediated by direct interaction between p70S6K aRKH2, we
examined the time course for the insulin-inducedraction of p70S6K
and ERK1/2 in SK-HEP-1 cells. An antibody againRK&/2 was used
to immunoprecipitate ERK1/2, and then p70S6K wateaed by
immunoblotting. p70S6K  was detectable in ERK1/2
immunoprecipitates at 10 min and 30 min, but nob@tmin after

insulin  treatment (Fig. @). Under the same conditions,
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phosphorylation of p70S6K and ERK1/2 also increasedhole cell
lysates at 10 — 30 min after insulin treatment (RG, cel lysate

panals).

3-4. Rapamycin suppresses insulin-induced ERK1/2 phosphorylation.
To determine whether Pinl induces ERK1/2 phosphtioyi
through activation of p70S6K, insulin-induced phuosylation of
p70S6K was completely blocked by the mTOR inhibreggamycin (10
nM), confirming that regulation of p70S6K require§OR. We found
significantly decreased phosphorylation of ERKL1{2 rapamycin-
treated, Pinl-overexpressing cells. These datacateli that Pinl
enhances insulin-induced ERK1/2 phosphorylatiorough indirect
activation of mTOR/p70S6K (Fig. A}. To assess the effect of
rapamycin on the insulin-induced interaction of $8& and ERK1/2,
we treated SK-HEP-1 cells to insulin with rapamyckn antibody
against ERK1/2 was used to immunoprecipitate ERKatd then
p70S6K was detected by immunoblotting. As in Fig, B70S6K was
detectable in ERK1/2 immunoprecipitates 30 min raftasulin
treatment. However, the interaction between p7086& ERK1/2 was

almost completely suppressed due to the inhibiibp70S6K activity
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by rapamycin (Fig. B). Moreover, phosphorylation of p70S6K and
ERK1/2 also decreased in whole cell lysates alipamycin treatment
(Fig. 4B, cell lysate panals). Taken together, these results indicate that
Pinl augmented the crosstalk between p70S6K andlERKrough its

binding and isomerizaton activities toward p70S6K.

3-5. Pinl and p70S6K have a synergistic effect on insulin-induced
AP-1 activity.

The Activator protein-1 (AP-1) transcription factas a
complex of homo- or heterodimers of the Jun, Fostivating
transcription factor, and musculoaponeurotic fibroema protein
families (24). Regulation of cell proliferation ByP-1 might be crucial
in the multistage development of tumors (25). Wheml was
transiently overexpressed in SK-HEP-1 cells, ARidiférase activity
was dose-dependently increased by Pinl overexpre¢Big. @A, left
graph). Also, when p70S6K was transiently overexpressesK-HEP-
1 cells, AP-1 luciferase activity was dose-depetigleincreased by
overexpression of p70S6K (FigAbright graph). We next assessed
insulin-induced AP-1 activation in control SiRNA &inl siRNA-

treated SK-HEP-1 cells. AP-1 activity in SK-HEP-€lls was increased
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at 24 h after treatment with insulin (0, 25, 50dat00 nM), but
knockdown of Pinl expression significantly suppeesssulin-induced
AP-1 activation compared with control siRNA (Fid3)5 To determine
whether the overexpression of p70S6K in SK-HEP-% wesponsible
for AP-1 activation in response to insulin, we cantsfected p70S6K-
overexpressing or control SK-HEP-1 cells with th@-A luciferase
reporter plasmid and thehRL-SV40 gene. At 24 hours after
transfection, cells were starved for an additict¥ahours in serum-free
DMEM at 37°C in a 5% C®incubator. They were then treated with or
without insulin (0, 25, 50, and 100 nM). Insulirdirced AP-1
activation in SK-HEP-1 cells was much more pron@aahim p70S6K-
overexpressing cells than in mock vector contrdsgéig. 5C). Next,

to determine whether Pinl and p70S6K had a syrergfect on the
insulin-induced AP-1 activity, we co-transfectech®, p70S6K-, or
Pinl/p70S6K-overexpressing SK-HEP-1 cells with Aie1 luciferase
reporter plasmid and thehRL-SV40 gene. At 24 hours after
transfection, cells were starved for an additidt¥ahours in serum-free
DMEM at 37°C in a 5% Ce®incubator. They were then treated with or
without insulin (50 nM). The insulin-induced AP-ttivation in cells

overexpressing p70S6K and Pinl was dramaticallyeased compared
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with that in cells overexpressing only p70S6K anRisuggesting that
Pinl and p70S6K have a synergistic effect on insuluced AP-1

activation (Fig. D).

3-6. Pinl enhances insulin-induced neoplastic cell transformation
through mTOR/p70S6K signaling.

The mouse skin epidermal JB6 Cl41 cell system ised-
developed model for studying tumor promotion una@@chorage-
independent growth conditions (26). To determinestiver JB6 Cl41
cells were susceptible to insulin-induced cell sfarmation, the cells
were treated with insulin (50 nM) in soft agar andubated at 37°C in
a 5% CQ incubator for 3 weeks; colony numbers were thdéardaned
as described. The colony numbers were increasedelis treated
insulin compared with those in untreated cells (BA). To assess
whether Pinl enhanced insulin-induced cell tramsé&tion, GFP-
overexpressing JB6 Cl41 control cells (MSCV-GFP)d aRinl-
overexpressing JB6 Cl41 cells (MSCV-Pinl) weretgdawith insulin
(25, 50, 100 nM) in soft agar and incubated unbersame conditions.
Colony numbers and colony sizes were significantigreased in

insulin-treated MSCV-Pinl cells compared with thaseMSCV-GFP
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cells (Fig @). These results indicated that Pinl plays an itapbirole

in enhancing the insulin-induced neoplastic calhsformation in JB6
Cl41 cells. Next, to establish whether the mTORe#jme inhibitor,
rapamycin, inhibited Pinl-enhanced cell transforomtinduced by
insulin, MSCV-Pinl cells were treated with insulfB0 nM) in the
presence or absence of rapamycin (5 and 10 nM)fh agar and
incubated under the same conditions. Rapamycinedsed colony
numbers as well as colony sizes in MSCV-Pinl cefimpared with
insulin-treated control cells (Figd), suggesting that the Pin1-p70S6K
signaling pathway mediates the insulin-induced testig cell

transformation.
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4. Discussion

Although the phospho-Ser/Thr-Pro-specific prolygsserase
Pinl is overexpressed in more than 50% of hepdubaelcarcinomas
(HCCs) (27), a molecular mechanism of tumorigefiiect for Pinl in
hepatocarcinoma cells has not been establishedl. dPamotes theis-
trans isomerization of specific proteins that are phasplated at a
Ser/Thr-Pro motif (8). Such conformational changes profoundly
affect the function of many Pinl substrates (5,2B,2n fact, two
important oncogenic proteing;catenin and cyclin D1, are regulated by
Pinl in this way. However, specific Pinl substratese yet to be
identified in hepatocarcinogenesis, although sudisisates very likely
exist. To identify new specific substrates that mige associated the
distinct role of Pinl in hepatocarcinogenesis, w&eaned for
interaction between Pinl and 50 kinases usingrthtro mammalian
two-hybrid assay data not shown). Our results show that p70S6K
strongly interacted with Pinin vitro (Fig. 1A andB). We also show
that the WW domain of Pinl is required for its naietion with p70S6K
in vitro (Fig. 1C). Indeed, our results confirm that overexpressibn

Pinl also enhances the phosphorylation of p70S6kK GSK38 in
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unstimulated HEK 293 cells (FigD). These findings suggest that Pinl
may regulate the insulin signaling pathway througteraction with
phosphorylated p70S6K.

Multiple serine and threonine phosphorylation sitep70S6K
are believed to be essential for its activation, 33D The first step of
p70S6K activation is mediated by phosphorylatiothef four Ser/Thr-
Pro sites in the carboxy-terminal tail and thuslitates the next step,
phosphorylation of THP® in a PI3K-dependent manner (32).
Phosphorylation of TR in p70S6K, a site specifically phosphorylated
by mTOR, is crucial for its activation (30). p70S6#terferes with
insulin receptor signaling through a negative femttomechanism by
direct phosphorylation of IRS-1 (33). The mMTOR-p8BSpathway is
essential to the emergence of insulin resistantéchMs preceded by
IRS-1 serine phosphorylation (34). Constitutiveivation of p70S6K
by unrestrained mTOR signaling was sufficient tassamouse embryo
fibroblast resistance to insulin and IGF-1 sigmgliralthough this
resistance can be rescued by rapamycin treatmént C& the other
hand, mice lacking p70S6K are protected from hahehet-induced
insulin resistance (34). Insulin resistance, whglthe cause of type 2

diabetes and other metabolic disorders, is assatiaith an increased
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risk of tumor development in several tissues, iditlg hepatocellular
carcinoma (36,37). In a case-control study, EB§est al. found that
diabetes increased the risk of HCC in the presaichepatitis B,
hepatitis C, or alcoholic cirrhosis (38). The temgborelationships
between diabetes and HCC are important, becauségraficant
proportion of patients with cirrhosis have overalmktes or impaired
glucose tolerance. In general, most cases of H&Cdagnosed in
patients affected by long-standing cirrhosis. leséingly, as hepatic
mitochondrial production of reactive oxygen specissincreased
significantly in ob/ob mice, oxidant stress can ibgolved in the
generation of hepatic hyperplasia (39). However tmolecular
mechanism of the association between hepatic-msekistance and
hepatocarcinogenesis is unclear. Our analysis dstmrates thaPinl’
MEFs exhibit dramatically suppressed phosphoryhetibp70S6K after
treatment with insulin, concomitant with decreapbdsphorylation of
GSK3{f (Fig. 20). In contrast, overexpression of Pinl in SK-HEP-1
hepatocarcinoma cells leads to enhanced phosphiorytaf p70S6K in
response to insulin stimulation compared to thatantrol cells (Fig.
2D). Also, Pinl prolonged the insulin-induced phogsptation of

GSK34 in Pinl-overexpressing SK-HEP-1 cells. In mammialsulin-
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stimulated inhibition of glycogen synthase kinaséGSK3) by Akt
plays a role in maintaining blood glucose levelsrmreasing glycogen
synthesis in insulin-responsive tissues such & hnd skeletal muscle
(40,41). However, under the conditions of cellulasulin resistance
linked to activation of mMTOR-p70S6K signaling, GSK&n be
regulated by mTOR-p70S6K, rather than by Akt, ipp8& cells (42).
The ERK signaling pathway has been studied extehsand
is a central MAPK pathway that plays a role in getbliferation,
differentiation and transformation (43). The ERKscade is activated
by a large number of extracellular stimuli inclugiEGF. The first
model that was proposed to explain signaling spitgifby the ERK
cascade involved changes in the duration and gtremigthe signals
transmitted by the cascade (44). The PI3K/Akt antbgen-activated
protein kinase kinase (MEK)/extracellular signajutated protein
kinase (ERK) 1/2 pathways are two intracellulahpatys involved in
insulin  signal  transduction (45,46). Insulin  sticmals
ras/raff MEK/ERK1/2 in an insulin-receptor-dependeamd a PI3K-
independent pathway. This effect has been demaeedtna several cell
types. This pathway can activate mTOR, which inntactivates

p70S6K. These pathways are important in the modualadf protein
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synthesis and of other cellular processes suctpagtasis, cell cycle
progression, vascular tone, and angiogenesis Ryever, the direct
crosstalk between p70S6K and ERK1/2 induced bylimssi not fully
understood. Our analysis demonstrated that insdliamatically
induced phosphorylation of ERK1/2 ifinl"* MEF or Pinl-
overexpressing SK-HEP-1  cells, whereas insulin-cedu
phosphorylation of ERK1/2 was suppressed®inl’ MEF cells (Fig.
3A and B), suggesting that Pin1 may mediate the phosphoglaf
ERK1/2 by insulin. Furthermore, the insulin-indugeldosphorylation
of p70S6K and of ERK1/2 is totally inhibited by sapycin, an mTOR
inhibitor (Fig. 4A). Interestingly, the insulin-induced interactiofi o
p70S6K with ERK1/2 (Fig. @) was also blocked by rapamycin (Fig.
4B), suggesting that insulin-mediated crosstalk exigtween p70S6K
and ERK1/2, and Pinl thereby regulates ERK1/2 $imppaby
controlling p70S6K.

Activator protein-1 (AP-1) is a well-characterizednscription
factor composed of homodimers and/or heterodimérhe Fos and
Jun protein families and plays a key role in “pi@piastic-to-neoplastic
transforma-tion” and proliferation (24). A diversmariety of stimuli

induce AP-1 binding to various genes that goverlfulee processes
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such as transformation and proliferation (48). ARefivity is important
and required for neoplastic cell transformationdB6 Cl41 cells (49).
As a sequence-specific transcriptional activatd?; JAmediates a broad
range of external stimuli that lead to gene trapson. Many stimuli,
including TPA, EGF, and UV radiation that induce-APare associated
with tumorigenesis (48). Furthermore, insulin haserb shown to
enhance TPA-induced AP-1 activation and cell tramsétion in JB6
Cl41 cells (50). Our results demonstrated that ex@ession of
p70S6K induced AP-1 activity (Fig.A5 right graph) and enhanced
insulin-induced AP-1 activity in SK-HEP-1 cells ¢iSC). Also,
overexpression of Pinl induced AP-1 activity (Fid\ left graph),
whereas knockdown of Pinl suppressed insulin-indluide-1 activity
(Fig. B). Interestingly, Pinl and p70S6K had a synergisffect on
AP-1 activity in SK-HEP-1 cells (Fig.[®». Moreover, the synergistic
effect on AP-1 activity is highly increased in ifisttreated SK-HEP-1
cells compared to untreated control cells. In addjtwe found that
insulin alone induced neoplastic cell transformatio JB6 Cl41 cells
(Fig. 6A) and overexpression of Pinl in JB6CI41 cells enkdn
insulin-promoted neoplastic cell transformation mmueore than that in

control cells (Fig. B). Interestingly, there was a wide difference
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between GFP-overexpressing cells (control) and -Bugtexpressing
cells, particularly in colony size. The data suppmr hypothesis that
Pinl is required for insulin-induced cell transfation of JB6 Cl41
cells. We also confirmed that the mTOR inhibitogpamycin,
dramatically suppressed insulin-induced cell tramsftion in Pinl-
overexpressing cells, suggesting that Pinl enhamtsdin-induced
cell transformation through its interaction and lpnged activity
toward p70S6K (Fig. ®).

In this study, we found that Pinl plays a pivotdérin insulin-
induced AP-1 activation through its interaction lwip70S6K and
prolongs activity of p70S6K in hepatocarcinomaselih addition, the
interaction of the two proteins results in actigatof ERK1/2 signaling
pathway by insulin, leading to synergistic augmgota of its
downstream target genes such as AP-1, which in puomotes cell
proliferation and cellular transformation. Howevehe molecular
mechanism leading to a significant association betwdiabetes and
HCC clinically observed (38) remain to be elucidat®ne possibility
is that aberrantly high p70S6K activity by Pinl dsato IRS-1
serine/threonine phosphorylation and its degradatamd thereby

desensitize hepatic insulin response, suggestingt ttetailed
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understanding of the molecular mechanisms of Pmlhe insulin-
signaling cascade may improve current treatment$i€@C associated

with diabetes.
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Figure 1. The interaction of Pinl with p70S6K. (A and B) Pinl co-
immunoprecipitated with p70S6K. The pcDNA4-Xpress-Pinl plasmid
was co-transfected with pcDNA3-Myc-p70S6K into HEK293 cells and
then cultured for 48 h at 37C in a 5% CO , incubator. The proteins
were extracted as described in Materials and Methods and were used
for immunoprecipitation (IP) with anti-Myc against p70S6K (A) or anti-
Xpress against Pinl (B). Normal IgG antibody from mouse was used
as a negative control for the IP. Pinl or p70S6K was visualized by
immunoblotting with anti-Xpress or anti-Myc antibody, respectively,
using the ECL detection kit (Amersham Biosciences). (C) Ex vivo
interaction of pACT-p70S6K with pBIND-Pin1-WT, -WW, or -PPlase.
Schematic diagram of full-length (1-163) pBIND-pin1 WT (Pin1-WT),
the WW domain (1-44) of pBIND-pinl (Pinl-WW), or the PPlase
domain (40-163) of pBIND-pinl (Pinl-PPlase) was shown in upper
panel. As a negative control, HEK293 cells were transfected with
PACT-p70S6K plasmid along with the pG5-luc reporter plasmid
(10,000 cells/well). The pACT-p70S6K and pBIND-Pinl plasmids (WT,
WW, or PPlase) were co-transfected with the pG5-luc plasmid to
confirm the binding site for p70S6K in Pinl. After 48 h incubation, the

firefly luciferase activity was measured in cell lysates and normalized
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against Renilla luciferase activity. All experiments were performed at
least twice with triplicate samples and are depicted as means * S.E.
The asterisk (*) indicates a significant increase in activity compared to
the negative control, pACT-p70S6K only (p < 0.05). The data are
shown as relative luciferase activity units as measured by the TriStar
LB 941. (D) HEK293 cells were transfected with 0.5 - 3 ug of pcDNA4-
Xpress-Pinl or pcDNA4 plasmid. Cells were harvested at 48 h after
transfection. Proteins in whole cell lysates were separated by SDS-
PAGE, and western blot analyses were performed using antibodies

against the respective proteins.
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Figure 2. Pinl regulates the insulin-induced phosphorylation of
p70S6K. (A) p70S6K is phosphorylated at the phospho-Thr-Pro site in
response to insulin. SK-HEP-1 cells were cultured for 24 h in 10%
FBS/DMEM in a 37T, 5% CO , incubator. The cells were then starved
in serum-free DMEM for 24 h, then exposed or not exposed to insulin
(50 nM), and harvested after incubation for the time indicated.
Immunoprecipitation (IP) was performed to precipitate phosphorylated
proteins at threonine residue immediately preceding proline and
p70S6K protein was detected by immunoblotting (IB) with anti-p70S6K
antibody. (B) The interaction of endogenous p70S6K with Pinl is
stimulated by insulin. SK-HEP-1 cells were cultured for 24 h in 10%
FBS/DMEM in a 37TC, 5% CO , incubator. The cells were then starved
in serum-free DMEM for 24 h, then exposed or not exposed to insulin
(50 nM), and harvested after incubation for the time indicated.
Immunoprecipitation (IP) was performed to precipitate endogenous
p70S6K. Proteins in whole cell lysates were separated by SDS-PAGE
and immunoblotting (IB) analyses were performed using antibodies
against Pinl and p70S6K. (C) Time-course analysis of insulin-induced

+/+

phosphorylation of p70S6K after gene ablation of Pinl. Pin1l™ and
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Pin1” MEFs were seeded and cultured 24 h in 10% FBS/DMEM in a
37T, 5% CO ; incubator, and then starved in serum-free DMEM for 24
h. Cells treated with or without insulin (50 nM) for the indicated times
were harvested and lysed, and lysates were resolved by SDS-PAGE.
Immunoblotting analyses were performed using antibodies against the
respective proteins. (D) Time-course analysis of insulin-induced
phosphorylation of p70S6K in Pinl-overexpressing SK-HEP-1 cells.
SK-HEP-1 cells were seeded and cultured for 24 h in 10% FBS/DMEM
in a 37C, 5% CO, incubator, and then transfected with pcDNA4-
Xpress-Pinl (5 ug) or pcDNA4 plasmid (5 pg). After 24 h, transfected
cells were starved in serum-free DMEM for 24 h. Cells treated or not
treated with insulin (50 nM) for the indicated times were harvested and
lysed, and lysates were resolved by SDS-PAGE. Western blot
analyses were performed using antibodies against the respective

proteins.
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Figure 3. Pinl mediates the crosstalk of ERK1/2 and p70S6K by
insulin. (A) Time-course analysis of insulin-induced phosphorylation of
ERK1/2 after gene ablation of Pinl. Pin1”* and Pinl” MEFs were
seeded and cultured for 24 h in 10% FBS/DMEM in a 37T, 5% CO,
incubator, and then starved in serum-free DMEM for 24 h. Cells treated
with or without insulin (50 nM) for the indicated times were harvested,
lysed, and the lysates were resolved by SDS-PAGE. Immunoblotting
analyses were carried out using antibodies against the respective
proteins. (B) Time-course analysis of insulin-induced phosphorylation
of ERK1/2 in Pinl-overexpressing SK-HEP-1 cells. Cells were seeded
and cultured for 24 h in 10% FBS/DMEM in a 37C, 5% CO, incubator,
and then transfected with pcDNA4-Xpress-Pinl (5 pg) or pcDNA4
plasmid (5 ug). At 24 h after transfection, cells were starved in serum-
free DMEM for 24 h. Cells treated with or without insulin (50 nM) for
the indicated times were harvested, lysed, and lysates were resolved
by SDS-PAGE. Immunoblotting analyses were carried out using
antibodies against the respective proteins. (C) Insulin-stimulated
interaction of endogenous p70S6K and ERK1/2. SK-HEP-1 cells were

seeded and cultured for 24 h in 10% FBS/DMEM in a 37C, 5% CO,
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incubator. The cells were then starved in serum-free DMEM for 24 h,
then exposed or not exposed to insulin (50 nM), and harvested after
incubation for the time indicated. Immunoprecipitation (IP) was
performed to precipitate endogenous ERK1/2, and p70S6K protein
was detected by immunoblotting (IB) with anti-p70S6K antibody.
ERK1/2 protein was also detected by immunoblotting (IB) with anti-
ERK1/2 antibody. Proteins in whole cell lysates were separated by
SDS-PAGE and western blot analyses were performed using

antibodies against the respective proteins.
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Figure 4. ERK1/2 phosphorylation is suppressed by rapamycin. (A)
Effect of rapamycin on insulin-induced ERKZ1/2 phosphorylation in
Pinl-overexpressing SK-HEP-1 cells. Cells were seeded and cultured
for 24 h in 10% FBS/DMEM in a 37T, 5% CO , incubator, and then
transfected with pcDNA4-Xpress-Pinl (5 ug) or pcDNA4 plasmid (5
HQ). At 24 h after transfection, cells were starved in serum-free DMEM
for 24 h and then pretreated with or without rapamycin (10 nM). After 2
h, cells were stimulated with or without insulin (50 nM) for 30 minutes,
harvested, and lysed, and cell lysates were resolved by SDS-PAGE.
Immunoblotting analyses were performed using antibodies against the
respective proteins. (B) Effect of rapamycin on insulin-stimulated
interaction of endogenous p70S6K with ERK1/2. SK-HEP-1 cells were
seeded and cultured for 24 h in 10% FBS/DMEM in a 37C, 5% CO,
incubator. The cells were then starved in serum-free DMEM for 24 h,
and then pretreated with or without rapamycin (10 nM). After 2 h, cells
were stimulated with or without insulin (50 nM) and harvested after 30
minutes. Immunoprecipitation (IP) was performed to precipitate
endogenous ERK1/2, and p70S6K protein was detected by

immunoblotting (IB) with anti-p70S6K antibody. ERK1/2 protein was
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also detected by immunoblotting (IB) with anti-ERK1/2 antibody.
Proteins in whole cell lysates were separated by SDS-PAGE and
western blot analyses were carried out using antibodies against the

respective proteins.
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Figure 5. The synergistic effect of Pin1 and p70S6K on insulin-induced
AP-1 activity. (A) SK-HEP-1 cells were transfected with a mixture
containing the AP-1 luciferase reporter gene (0.5 ug), pcDNA4-Xpress-
Pinl (left) or pcDNA3-Myc-p70S6K (right) with phRL-SV40 gene (0.5
ng). At 48 h after transfection, the firefly luciferase activity was
measured in cell lysates and normalized against Renilla luciferase
activity. Significant differences were evaluated using the Student’s t
test (*, p < 0.05), and significant increases in AP-1 activity were
observed in cells transiently transfected with Pinl (left) or p70S6K
(right) compared with mock cells. (B) Control siRNA- or Pinl siRNA-
treated SK-HEP-1 cells were co-transfected with the AP-1 luciferase
reporter gene (0.5 ug) and the phRL-SV40 gene (0.5 ng). At 24 h after
transfection, cells were starved for 24 h in serum-free DMEM at 37<C
in a 5% CO, atmosphere and then incubated in the presence or
absence of insulin (25, 50, 100 nM) for 24 h. The firefly luciferase
activity was measured in cell lysates and normalized against Renilla
luciferase activity. Significant differences were evaluated using the
Student’s t test (*, p < 0.05), and a significant decrease of insulin-

induced AP-1 activity was observed in Pinl siRNA- treated cells
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compared with control siRNA-treated cells. (C) Mock (1 upg) and
pcDNA3-Myc-p70S6K (1 pg) transiently transfected SK-HEP-1 cells
were co-transfected with the AP-1 luciferase reporter gene (0.5 pg)
and the phRL-SV40 gene (0.5 ng). At 24 h after transfection, cells were
starved for 24 h in serum-free DMEM at 37C in a 5% CO, atmosphere
and then incubated in the presence or absence of insulin (25, 50, 100
nM) for 24 h. The firefly luciferase activity was measured in cell lysates
and normalized against Renilla luciferase activity. Significant
differences were evaluated using the Student’s t test (*, p < 0.05), and
significant increases in insulin-induced AP-1 activity observed in cells
transiently transfected with p70S6K compared with mock cells. (D) SK-
HEP-1 cells were transfected with the AP-1 luciferase reporter gene
(0.5 pg) and pcDNA4-Xpress-Pinl and/or pcDNA3-Myc-p70S6K with
phRL-SV40 gene (0.5 ng). At 24 h after transfection, cells were starved
for 24 h in serum-free DMEM at 37C in a 5% CO , atmosphere and
then incubated in the presence or absence of insulin (50 nM) for 24 h.
The firefly luciferase activity was measured in cell lysates and
normalized against Renilla luciferase activity. Data were recorded as
relative luciferase activity (fold) using the TriStar LB 941. All

experiments were performed at least twice. Columns, mean of
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triplicate samples; bars, SE. Significant differences were evaluated
using the Student’s t test (*, p < 0.05), and a significant synergistic
increase of insulin-induced AP-1 activity was observed in cells
transiently transfected with Pinl and p70S6K compared with cells

transfected with only Pinl or p70S6K.
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Figure 6. Pinl1 enhances insulin-induced neoplastic cell transformation.
(A) JB6 Cl41 cells were used to assess cell transformation in a soft
agar assay. Cells (8 x 10%/ml) were exposed to insulin (50 nM) or PBS
in 1 ml of 0.3% basal medium Eagle’s agar containing 10% FBS. The
cultures were maintained at 37 in a 5% CO , atmosphere for 3 weeks.
The average colony number (diameter > 80uM) was calculated and
colonies were photographed in three separate experiments. Columns,
mean of triplicate samples; bars, SE. Significant differences were
evaluated using the Student’s t test (*, p < 0.05), and a significant
increase in insulin-induced cell transformation was observed in JB6
Cl41 cells. (B) GFP- (MSCV-GFP) or Pinl-infected (MSCV-Pinl) JB6
Cl41 cells were subjected to soft agar assays in the presence or
absence of insulin. Cells (8 x 10%/ml) were exposed to insulin (0, 25, 50,
100 nM) in 1 ml of 0.3% basal medium Eagle’s agar containing 10%
FBS. The culture was maintained at 37°C in a 5% CO, atmosphere for
3 weeks. The average colony number (diameter > 80uM) was
calculated and colonies were photographed from three separate
experiments. Columns, mean of triplicate samples; bars, SE.

Significant differences were evaluated using the Student’s t test (*, p <
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0.05), and a significant increase in the insulin-induced cell
transformation was observed in MSCV-Pin1-JB6 cells compared to
MSCV-GFP-JB6 cells. (C) Pinl-infected (MSCV-Pinl) JB6 Cl41 cells
were subjected to soft agar assays in the presence or absence of
insulin with/without rapamycin. Cells (8 x 10%ml) treated with/without
rapamycin (5 and 10 nM), were exposed to insulin (0 or 50 nM) in 1 ml
of 0.3% basal medium Eagle’s agar containing 10% FBS. The culture
was maintained at 37C in a 5% CO , atmosphere for 3 weeks. The
average colony number (diameter > 80uM) was calculated and
colonies were photographed from three separate experiments.
Columns, mean of triplicate samples; bars, SE. Significant differences
were evaluated using the Student’s t test (*, p < 0.05), and significant
inhibition of the insulin-induced cell transformation was observed in
MSCV-Pin1-JB6 cells treated with rapamycin compared to control cells.
(D) The model of insulin signaling regulated by Pinl. The binding of
insulin to the insulin receptor (IR) causes phosphorylation of insulin
receptor substrate (IRS). When Pinl is overexpressed, aberrantly high
p70S6K activity leads to enhance insulin-induced AP-1 activity and
neoplastic cell transformation through the interaction of p70S6K with

ERK1/2.
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