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　　　　　　　　　　　　　　　　　　　　　　　　　　ABSTRACT

　　　　The　MCC　gene　was　isolated　from　the　human　chromosome　5q21　by

positional　cloning　and　was　found　to　be　mutated　in　several　colorectal

tumors．　In　this　study，　we　prepared　specific　antibodies　and　detected　the

MCC　gene　product　as　a　cytoplasmic　100　kDa　phosphoprotein　in　mouse

NIH3T3　cells．　Immunoelectron　microscopic　analysis　showed　that　the

MCC　protein　is　associated　with　the　plasma　membrane　and　membrane

organelles　in　mouse　intestinal　epithelial　cells　and　neuronal　cells．　The

amo皿t　of　the　MCC　protein　remained　constant　during　the　cell　cycle

progression　of　NIH3T3　cells，　while　its　phosphorylation　state　changed

ma・k・dly　in　a　cell・y・le－d・pendent　m・nne・，　b・i・g　Weakly

phosphorylated　in　the　GO！G　I　and　highly　phosphorylated　during　the　G　l

to　S　transition．　Overexpression　of　the　MCC　protein　blocked　the　serum－

induced　cell　cycle　transition　from　the　G　I　to　S　phase，　whereas　a　mutant

MCC，　initially　identified　in　a　colorectal　tumor，　did　not　exhibit　this

activity．　These　results　suggest　that　the　MCC　protein　may　play　a　role　in

the　signaling　Pathway　negatively　regulating　cell　cycle　progression．
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INTRODUCTION

　　　　Cell　proliferation　is　controlled　　by　both　positive　and　　negative

regulators．　Anumber　of　genes　encoding　positive　regulators　have　been

identified　as　oncogenes（1）．　　Most　of　the　oncogene　products　are

deregulated　forms　of　cellular　proteins　that　participate　in　the　signal

transduction　cascade　from　the　cell　membrane　receptors　to　the　nucleus．

On　the　other　hand，　several　genes　encoding　negative　regulators　have

been　identified　as　tumor　suppressor　genes．　　Like　the　oncogene

products，　the　tumor　suppressor　gene　products　include　proteins　localized

in　the　plasma　membrane，　cytoplasm　and　nucleus（2）．　The　best　studied

tumor　suppressor　gene　products，　pRB，　p53　and　WT1，　are　nuclear

transcription　factors，　while　DCC　（deleted　in　colorectal　cancer）has　the

attributes　of　a　cell　surface　receptor．　NF（neurofibromatosis）1and　2

share　structural　similarities　with　GAP　and　the　proteins　of　ERM　family

（3－5），respectively，　presumably　functioning　at　the　cytoplasmic　face　of

the　plasma　membrane．　　In　contrast　to　these　proteins，　the　predicted

amino　acid　sequences　of　MCC（mutated　in　colorectal　cancer）and　APC

（adenomatous　polyposis　coli）are　unique　and　have　little　sequence

similarity　to　other　proteins，　providing　few　clues　to　its　mechanism　of

action（6－8）．

　　　　Theルf　C　C　gene　was　isolated　from　the　human　chromosome　5q21　by

positional　cloning　and　was　found　to　be　mutated　in　several　colorectal

tumors（6）．　In　addition，　this　gene　was　first　suggested　to　be　implicated

in　the　development　of　familial　adenomatous　polyposis（FAP）．　However，

further　studies　revealed　that　inactivation　of　another　gene　isolated　from

5q21，　APC，　is　responsible　for　the　genesis　of　FAP（7－10）．　Moreover，　A　P　C

has　been　found　to　be　somatically　mutated　in　the　majority　of　sporadic

colorectal　tumors（11，12）．
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　　　　Theルf　C　C　and　A　P　C　genes　are　predicted　to　encode　proteins　of　829

and　2843　amino　acids，　respectively，　with　little　homology　to　other

known　proteins　（6－8）．　　Interestingly，　both　proteins　contain　several

regions　that　have　a　high　probability　of　forming　coiled－coil　structures．

Indeed，　the　APC　protein　has　been　shown　to　form　a　stable　homodimer

via　the　amino－terminal　part　of　the　molecule（13，14）．　Cell　fractionation

experiments　and　immunohistochemical　analysis　suggested　that　APC　is

present　as　insoluble　aggregates　in　the　cytoplasm（15）．　Furthermore，　it

has　recently　been　reported　that　APC　is　associated　with　an　adherence

junction　protein　β一catenin，　suggesting　that　APC　is　involved　in　cell

adhesion（16，17）．　On　the　other　hand，　the　function　of　the　MCC　protein　is

still　unknown．　　In　the　present　study，　we　identified　and　characterized

the　product　of　the　MCC　gene．　We　found　that　the　MCC　gene　product　is　a

100kDa　phosphoprotein　localized　in　the　cytoplasm．　Furthermore，　we

show　that　this　protein　has　the　potential　to　negatively　regulate　the　cell

cycle　transition　from　the　G　l　to　S　phase．
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EXPERIMENTAL　PROCEDURES

　　　　A〃励04輌ε∫．Anti－MCC　antibodies　were　prepared　by　immunizing

rabbits　with　synthetic　peptides　representing　amino　acid　residues　817

to　829．　Specific　antibodies　were　purified　by　affinity　chromatograplly

using　a　column　to　which　the　synthetic　peptide　had　been　linked．

Polyclonal　antibodies　against　β一galactosidase　were　obtained　from

Cappel．　Monoclonal　anti－BrdU　antibody　was　from　Takara（Tokyo）．

　　　　PIαsηπd　coπ∫τrμ6τ∫oη　　απ4　Trαπψcτ匡o〃．　The　entire　coding

region　of　the　MCC　cDNA　was　subcloned　into　the　vector　pME18S　carrying

the　SRαpromoter，　and　then　transfected　into　COS－7　cells　transiently　by

use　of　Lipofectin（GIBCO，　BRL）．　cDNAs　encoding　the　full－length　human

β一galactosidase　were　also　cloned　into　the　pME18S　vector．　Amutant

MCC　encoding　Gln　in　place　of　Arg－506　was　generated　by　site－directed

mutagenesis　（18）　using　the　synthetic　oligonucleotide　5’－

CATGACTGCCAGAAGACAGCT－3’．　Another　mutant　encoding　Thr　and　Ala

in　place　of　Lys－233　and　Glu－234，　respectively，　was　generated　using　the

・yn也・6・・lig・皿・1・・dd・5㌧ρGGTGGGAGACGGCGCTGGCTGGG－3’・

　　　　Cε〃　Cμ’加rθ．NIH3T3　cells　were　maintained　in　Dulbecco‘s

modified　Eagle’s　medium（DMEM）supplemented　with　lO％calf　serum．

For　serum　starvation，　cells　were　left　for　48　hr　in　DMEM　containing　O．5％

calf　serum．　Under　these　conditions，　incubation　with　50μM　BτdU　for　an

additional　24　hr　resulted　in　labeling・of　less　than　5％　of　the　nuclei．　　For

synchronous　induction　of　the　growth　cycle，　fresh　medium　containing

10％ca｝f　serum　with　50μM　BrdU　was　added　to　serum－starved　cells．

During　cell　cycle　experiments，　the　cell　cycle　was　monitored　by　flow

cytometric　analysis　with　a　FACScan／CelllIFIT　DNA　System　（Becton
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Dickinson）．　　SV40－transformed　CV－1　（COS－7）cells　were　cultured　in

DMEM　supplemented　with　10％fetal　calf　serum．

　　　　1η　v匡ぴoTrαnscrfμioη　α刀∂　Trαη∫∫αご50η．　The　full　length　M　C　C

cDNA　was　subcloned　into　pBluescript　II（Stratagene）．35S－labeled　MCC

protein　was　synthesized　by　iη　viτro　transcription　and　translation　in　the

presence　of［35S］methionine（Amersham）using　the　TNTTM　Coupled

Reticulocyte　LySate　System（Promega）．

　　　　1川ημπoprεc匡ガ’ατごoη．　Cells　were　labeled　for　4　h　in　methionine－

free　DMEM　containihg［35S］methionine（100μCi／ml，1200　Ci／mmol，

NEN）．　For　32P－labeling，　cells　were　labeled　for　2　h　in　phosphate－free

DMEM　containing［32P］orthophosphate（200μCi！ml，　Amersham）．　The

labeled　cells　were　lysed　in　solubilization　buffer　containing　10　mM　Tris－

HCI，　pH　7．4，1％NP－40，0．1％sodium　deoxycholate，0．1％SDS，150　mM

NaCl，1mM　EDTA　and　lOμg！ml　of　aprotinin（SIGMA）．　Anti－MCC

antibodies　were　added　to　the　labeled　cell　lysates　or　iη　vμro　translation

products　and　incubated　for　l　h　at　4°C．　The　immune　complexes　were

adsorbed　to　protein　A－Sepharose，　waShed　extensively　with　lysis　buffer，

and　then　analyzed　by　SDS－polyacrylamide　gel　（8％）　electrophoresis

followed　by　fluorography　or　autoradiography．

　　　　V8　ρroτεαsθ　mα〃輌ηg．　MCC　was　excised　from　SDS－

polyacrylamide　gels　and　homogenized　in　100μl　of　buffeτA（125　mM

Tris－HCI　pH　6．8，1mM　2－mercaptoethanol，1mM　EDTA，0．1％SDS，10％

glycerol）．　Fortyμl　samples　of　the　homogenates　were　added　to　the　wells

・f・15％P・lyac・yl・mid・g・！and．P・・t・i・・w・・e　dig・・t・d　with

∫τoρ力ylococcμぷ　α〃reμ5　　V8　protease　and　then　separated　by

electrophoresis　（19）．
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　　　　W¢s‘erπ　blo仇ng　απαZysis．　The　cell　lysates　were　resolved　on

an　8％　SDS－polyacrylamide　gel　and　transferred　to　a　poly（vinylidene

difluoride）membrane　filter（lmmobilon－P，　Millipore）．　The　filters　were

incubated　with　the　anti－MCC　antibodies　and　subsequently　with・alkaline

phosphatase－conjugated　mouse　anti・・rabbit　IgG　（Promega）．　Alkaline

phosphatase　activity　was　developed　according　to　the　manufacturer’s

specifications．

　　　　Sμbcε〃μZαr　∫rα¢∫匡o〃ατjoη．　NIH3T3　cells　（2　x　107）　were

suspended　in　2　ml　of　KMP　buffer［5　mM　KCI，1mM　MgCl2，20　mM

PIPES　（1，4－piperazine　diethanesulfonic　acid），　pH　7．0］．　　The　cells　were

then　allowed　to　swell　for　10　min　at　4°C，　and　disrupted　with　20　strokes

in　a　Potter－Elvehjem　homogenizer（WHEATON）．　The　nuclei　were

P・11・t・dby　cent・if・g・ti・n・t　1000・gf・・5min．　Th・nu・lea・p・ll・t　and

the　supernatant　were　then　processed　separately．　　The　nuclear　pellet

was　resuspended　in　2　ml　of　KMP　buffer　containing　O．1％Triton　X－100

and　centrifuged　at　l　OOO　x　g　for　5　min．　The　pellet　was　resuspended　in

20mM　Tris－HCI　pH　7．5，150　mM　NaCl　and　1％SDS，　boiled　for　5　min　and

then　centrifuged　at　15，000　x　g　for　10　min．　The　supernatant　obtained

was　used　as　the　nuclear　extract．　The　supernatant　obtained　from　the

first　centrifugation　was　overlaid　on　a　2　ml　cushion　of　KMP　containing

50％sucrose　and　centrifuged　at　15，000　x　g　for　40　min．　The　supernatant

and．interface　were　further　centrifuged　in　TL　100．3・rotor（Beckman）at

40，000．rpm　for　60　min　and　the　resulting　supernatant　was±used　as　the

cytosol　fraction．　　The　pellet　was　resuspended・in　solubilization・buffer

and　used　as　the　crude　membrane　fraction．　The　purity　of　each　fraction

was　monitored　by　measuring　the　activities　of　the　membrane　marker

alkaline　phosphodiesterase　I　and　cytosolic　marker　lactate
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dehydrogenase　（20）．　　The　presence　of　the　nuclei　was　detected　by

staining　with　DAPI（4’，6－diamidino－2－phenylindole）．

　　　　∫mηεμηo∫1μorescθηcε　　A〃αIysfs．　Frozen　sections　of　intestine

and　cerebellum　of　normal　male　ddY　mice　aged　4　weeks　were　prepared

according　to　the　method　of　Senda　et　al．（21）．　　The　sections　were

incubated　at　4°C　overnight　with　anti－MCC　antibodies　diluted　1：50　in　P8　S

followed　by　FITC－conjugated　goat　anti－rabbit　IgG　antibodies　diluted

1：100in　PBS　at　room　temperature　for　l　h，　and　then　examined　with　a

Nikon　Fluorescence　microscope．　Control　sections　were　incubated　with

normal　rabbit　serum　instead　of　the　anti－MCC　antibodies．

　　　　∫η27ημηoε1θcτroη　mjcro∫co〃．　　Immunoelectron　microscopic

localization　of　the　MCC　protein　in　mouse　intestinal　epithelium　and

cerebellar　cortex　was　determined　by　the　post－embedding　technique

using　colloidal　gold－conjugated　second　antibodies．　Lowicryl　K4M

ultrathin　sections　were　prepared　according　to　the　method　of　Senda　et

al．（21）．　The　Lowicryl　sections　were　incubated　at　4°C　overnight　with

anti－MCC　antibodies　diluted　1：50　with　PBS　followed　by　10　nm－colloidal

gold－conjugated　goat　anti－rabbit　IgG　antibodies　（Amersham）　diluted

1：30with　PBS　at　room　temperature　for　l　h．　Subsequently，　the　sections

were　stained　with　uranyl　acetate　and　lead　citrate，　and　analyzed　with　a

JEOL　1200　EX　transmission　electron　microscope．　Control　sections　were

incubated　with　normal　rabbit　serum　instead　of　the’MCC　antibodies．

　　　　M匡cro輌戊r’¢cτjoη．　NIH　3T3　cells，　which　were－grown　9◎n－coverslΦ§

（2x105　cells／dish），　were　cultured　in　DMEM　containing　O．5％calf　serum

for　24　h　and　then　microinjected　with　the　normal　or　mutated　M　C　C

expression　plasmid　orβ一galactosidase　expression　plasmid　（300　μ9／ml
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DNA）．　After　incubating　for　24　h　in　the　same　conditions，　medium　was

replaced　with　fresh　DMEM　containing　10％calf　serum　and　50μM　BrdU，

and　then　cells　were　incubated　for　another　l　8　h．　　Cells　were　fixed　in

3．7％formaldehyde　in　PBS　for　30　min，　dehydrated　with　l　OO％methanol

for　10　min　and　then　treated　with　4　N　HCI　for　10　min．　MCC　andβ一

galactosidase　were　detected　with　the　affinity－purified　antibodies

followed　by　FITC－conjugated　goat　anti－rabbit　IgG　antibodies．　BrdU　was

detected　with　an　anti－BrdU　monoclonal　antibody　BU－4　followed　by

RITC－conjugated　goat　anti－mouse　IgG　antibodies．　To　arrest　the　cells　at

G1／S，　aphidicolin（50　ng／ml）was　added　2　h　after　serum　addition．　The

ルfCC　expression　plasmid　was　microinjected　8　h　after　addition　of

aphidicolin　and　BrdU　was　added　after　incubation　for　another　3　h．
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　　　　　　　　　　　　　　　　　　　　　　　　RESULTS

　　　　14θ〃τ萌cατjoπ　oゾ　ルfCC　匡π　γiγo．　For　the　identification　of　the

MCC　gene　product，　we　prepared　antibodies　against　MCC　by　immunizing

rabbits　with　a　synthetic　peptide　corresponding　to　amino　acid　residues

817　to　829　0f　the　predicted　protein．　　The　antibodies　recognized

［35S］methionine－labeled　MCC　generated　by　iηvi’ro　transcription　and

translation　of　theルf　C　C　cDNA．　The　size　of　the　synthesized　protein　was

about　100　kDa，　consistent　with　the　calculated　molecular　weight　of　MCC

（Fig．1A，　lanes　1－3）．　From［35S］methionine－　and　【32P】phosphate－

labeled　extracts　of　mouse　fibroblast　NIH3T3，　the　anti－MCC　antibodies

also　immunoprecipitated　a　100　kDa　protein　and　precipitation　of　this

protein　was　prevented　by　preincubation　of　the　antibodies　with　an

excess　amount　of　the　synthetic　peptide　used　for　immunization（Fig．1A，

lanes　7－12）．　To　confirm　that　the　100　kDa　protein　immunoprecipitated

from　NIH3T3　cells　is　the　MCC　protein，　we　compared　a　partial

proteolytic　digestion　of　this　protein　with　that　obtained　using　in　vitro

translated　MCC．　As　shown　in　Fig．　l　B，　the　peptide　mapping　patterns　of

these　proteins　were　very　similar，　suggesting　that　the　lOO　kDa　protein

detected　in　NIH3T3　cells　is　indeed　the　MCC　protein．　In　addition，　when

similar　experiments　were　performed　with　COS－7　cells　transfected　with

theルfCC　cDNA　expression　plasrhid，　a　large　amount　of　the　100　kDa

protein　was　detected　in［35S］methionine－labeled　extracts，　whereas　this

protein　was　barely　detected　in　the　parental　COS－7　cells（Fig．1A，　lanes

4－6）．・∵Furthermore，　MCC　was　detected　as　a　band　of’100　kDa，

accompanied　with　additional　slowly　migrating・faint　bands，　by　Western

blotting　analysis　（Fig．4B）．　　These　results　suggest　that　the　100　kDa

protein　identified　by　the　anti－MCC　antibodies　is　the　M　C　C　gene　product

and　this　protein　is　phosphorylated　in　living　cells．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　10



　　　　∫μbcθ〃μ1αr　Locα泥zατごoπ　oゾ　MCC．　To　elucidate　the　subcellular

localization　of　MCC，　NIH3T3　cells　labeled　with［35S］methionine　were

separated　into　nuclear，　cytosol　and　crude　membrane　fractions．　　The

purity　of　each　fraction　was　monitored　by　measuring　the　activities　of

the　membrane　marker　enzyme　alkaline　phosphodiesterase　I　and

・yt…li・m・・ke・enzyme　lact・t6　d・hyd・・genase　and　by・taini・g　th・

nuclei　with　DAPI．　　The　results　suggested　that　cells　were　properly

separated　into　their　subcellular　fractions．　When　lysates　of　these

fractions　were　subjected　to　immunoprecipitation　with　the　anti－MCC

antibodies，　the　MCC　protein　was　detected　mainly　in　the　cytosol　and

crude　membrane　fractions（Fig，2，　lanes　1－8）．　The　MCC　localized　in　the

crude　membrane　fraction　could　not　be　completely　solubilized　by　1％

NP40　treatment（Fig．2，　lanes　9－14），　suggesting　that　MCC　is　not　a

membrane　protein　but　is　complexed　with　an　insoluble　aggregate．　MCC

in　this　fraction　also　could　not　be　completely　extracted　with　O．5　M　NaCl．

Imm脳o∫1況oresc¢πce　απd　Immμnoeledron　Microscopi4

加吻∫εsqブMCC　LocαZjzα仰μ．　We　next　tried　to　further　define　the

subcellular　localization　of　MCC　by　immunofluorescence　and　electron

mi。…c。pic　an、ly、e・．　H。weve，，　th・、ig。・1・。bt。ined。、ing　NIH3T3　cell・

stained　with　anti－MCC　antibodies　were　weak，　although　strong

cytoplasmic　staining　was　observed　in　the　same　cells　transfected　with

theルfC’C－expression　plasmid（data　not　shown）ポ　Hence，　we　looked　for

mouse　tissues　expressing　high　levels　of　endogenous　MCC　and　found　that

MCC　is　expressed　in　the　intestinal　epithelium　and　cerebellar　cortex　at　a

level　detectable　by　immunofluorescence　staining．

　　　　In　the　mouse　intestinal　epithelium，　MCC　was　localized　mainly　along

lateral　cell　borders　of　the　epithelial　cells（Fig．3A）．　The　cytoplasm　of
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the　epithelial　cell　showed　weak　imm皿oreactivity　for　MCC，　whereas　the

apical　brush　border　and　nuclei　showed　no　significant　labeling．

Immunoelectron　microscopic　analysis　using　colloidal　gold－conjugated

second　antibodies　clearly　demonstrated　a　close　association　of　MCC　with

lateral　plasma　membranes　of　the　intestinal　epithelial　cells　（Fig．3B）．

Some　gold　particles　were　scattered　in　the　cytoplasmic　matrix．　By

contrast，　control　sections　stained　with　control　rabbit　serum　showed　no

immunoreactivity　either　in　the　immunofluorescence　（Fig．3C）　or

immunoelectron　microscopic（Fig．3D）analyses．

　　　　In　the　mouse　cerebellar　cortex，　the　molecular　layer　showed　high

MCC　expression（Fig．3E）．　Purkinje　cells　and　granular　Iayer　cells　were

also　immunoreactive　for　the　anti－MCC　antibodies．　Immunoelectron

microscopic　analysis　showed　that　MCC　is　mainly　associated　with　the

plasma　membrane　and　membrane　organelles　in　the　neuronal　cell

bodies　and　nerve　fibers　in　the　molecular　layer　and　granular　layer　cells

（Fig．3F）．　　Some　gold　particles　were　also　distributed　within　the

cytoplasmic　matrix　of　the　neuronal　cells，　whereas　no　MCC　was　detected

in　the　nuclei　of　the　cerebellar　cortex．　　Sections　stained　with　control

rabbit　serum　showed　no　immunoreactivity　either　in　the

immunofluorescence（Fig．3G）or　immunoelectron　microscopic（Fig．3H）

analyses．

翫pressio聡　L¢vels　α凪　Pho叩horylα‘io聡　o∫　MCC　dumlg　仇e

CelL　CyclεProgre∬輌oη．　We　next　studied　the　expression　and

phosphorylation，of　MCC　through　the　cell　cycle．・NIH3T3　cells　were

arrested　in．the　GO　phase　by　incubation　in　medium．comaining　O．5％calf

serum　for　48　h　and　were　then　induced　to　proliferate　by　adding　fresh

medium　supplemented　with　10％　calf　serum．　　The　synchrony　of　the

cycling　populations　was　confirmed　by　flow　cytometric　analysis　as
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shown　in　Fig．4A．　At　the　times　indicated　in　Fig、4B，　the　level　of　MCC

was　examined　by　Western　blotting　analysis　with　anti－MCC　antibodies．

The　amount　of　MCC　did　not　change　markedly　during、cell　cycle

progression．　In　a　parallel　experiment，　the　phosphorylation　state　of　MCC

was　examined　by　immunoprecipitating　MCC　from　cells　labeled　with

［32P］phosphate　（Fig．4C）．　　Phosphorylation　of　MCC　was　barely

detectable　in　NIH3T3　cells　arrested　at　GO，　but　was　induced　6－8　h

following　restoration　of　serum．

The　E∬eα o∫MCC　Expr¢ssion　on　CeU　Cyde　Pmgression．　T　o

assess　the　ability　of　MCC　to　regulate　cell　cycle　progression，　we

performed　a　microinjection　experiment．　　NIH　3T3　cells　cultured　in

medium　containing　O．5％　calf　serum　for　24　h　were　microinjected　with

the　M　C　C　cDNA　and　further　cultured　under　the　same　conditions　for

another　24　h．　Fresh　medium　supplemented　with　10％　calf　serum　was

then　added　to　induce　synchronous　cell　cycle　progression，　and　BrdU　was

added　to　measure　DNA　synthesis．　After　an　additionaいncubation　for　18

h，cells　were　fixed　and　processed　for　immunofluorescence　analysis；

microinjected　cells　were　identified　by　staining　for　the　MCC　protein　and

cells　that　had　entered　S　phase　were　identified　by　staining　for　BrdU

incorporation．　As　summarized　in　Fig．5，　incorporation　of　BrdU　into　cells

injected　with　theルf　C　C　expression　plasmid　was　inhibited，　whereas

microinjection　of　theβ一galactosidase　expression　plasmid　showed　no

such　inhibitory　effect．　　This　effect　was　not　observed　when　the　M　C　C

．・cDNA　was　microinjected　into　cells　that　had　been・arrested・・at　G　1／S　by

aphidicolin　treatment．　In　contrast　to　normal　M　CC，　a　mutant　M　CC　cDNA

encoding　Gln　in　place　of　Arg－506（MCCR506Q），　originally　identified　in

　one　case　of　colorectal　cancer　（6），　barely　inhibited　cell　cycle　progression

from　the　GO1Gl　to　S　phase．　Since　MCC　contains　a　small　region（amino
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acids　220－243）　that　possesses　an　amino　acid　similarity　to　the　G

protein－coupled　m3　muscarinic　acetylcholine　receptor（6），　we　examined

the　effect　of　a　mutantルκC　cDNA　encoding　Thr　and　Ala　in　place　of　Lys－

233and　Glu－234，　respectively．　As　shown　in　Fig．5，　this　mutant　also

failed　to　block　cell　cycle　progression．　　These　results　suggest　that

overexpression　of　MCC　specifically　blocks　cell　cycle　progression　through

the　GI　phase．
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　DISCUSSION

　　　　In　the　present　study，　we　detected　the　ルf　C　C　gene　product　as　a　100

kDa　phosphoprotein　localized　in　the　cytoplasm．　　This　finding　is

consistent　with　the　expected　characteristics　of　the　predicted　amino　acid

sequence　of　the　MCC　protein；i．e．　MCC　consists　of　829　amino　acids　and

does　not　have　any　obvious　membrane－spanning　region　or　nuclear

localization　signals　（6）．　　In　several　experiments，　slowly　migrating

proteins　were　detected　in　addition　to　the　main　band　of　l　OO　kDa．　It

remains　to　be　determined　whether　these　are　generated　by　modification

or　splicing，　or　if　these　are　related　but　different　proteins．

　　　　Cell　fractionation　experiments　showed　that　most　of　the　MCC　protein

is　present　in　the　cytosol，　i．e．　the　100，000　x　g　supernatant　fraction，　but　a

proportion　of　MCC　was　also　detected　in　the　crude　membrane　fraction．

Immunoelectron　microscopic　analysis　demonstrated　that　MCC　is

associated　with　the　plasma　membrane　and　membrane　organelles　in　the

mouse　intestinal　epithelial　cells　and　neuronal　cells．　However，　treatment

of　the　insoluble　crude　membrane　fraction　with　1％　NP40　did　not

solubilize　MCC，　suggesting　that　MCC　is　not　a　membrane　protein，　but

rather　is　complexed　in　an　insoluble　aggregate．　This　is　consistent　with

the　fact　that　the　MCC　protein　contains　heptad　repeats　throughout　almost

the　entire　length　of　the　molecule．　These　features　are　similar　to　those　of

the　APC　gene　product；APC　also　possesses　heptad　repeats　in　the　amino－

terminal　region　and　is　present　in　an　insoluble　aggregate　（15）．

ImportantlyジAPC・has　been　suggested　to　form∵a・parallel，　helical

h・m・dim・・・…expect・d　f・・ac・il・d・・il（13）・In　additi・n・th・wild　typ・

APC　associates　with　truncated　mutant　APC　proteins　in　colorectal　cancer

cells（14，15）．　However，　our　preliminary　experiments　failed　to　detect

homodimerization　of　MCC．　Also，　MCC　did　not　heterodimerize　with　APC．
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　　　　While　the　amount　of　MCC　was　constant　during　cell　cycle

progression，　its　phosphorylation　state　changed　markedly　in　a　cell　cycle－

dependent　manner，　being　weakly　phosphorylated　in　GO！GI　and　highly

phosphorylated　during　the　GI　to　S　transition．　　These　findings　suggest

that　the　function　of　MCC　is　regulated　by　phosphorylation，　similar　to　the

case　of　pRB　whose　function　is　inhibited　by　phosphorylation　during　the

GI　to　S　phase　transition（22－29）．　Although　MCC　possesses　several

consensus　sequences　for　phosphorylation　by　protein　kinase　C　and　casein、

kinase　II，　identification　of　the　responsible　kinases　remains　to　be

achieved．

　　　　Our　microinjection　experiments　showed　that　overexpression　of　MCC

blocks　serum－induced　cell　cycle　progression　from　the　GI　to　S　phase．

Thus，　MCC　may　play　a　role　in　the　signaling　pathway　negatively

regulating　cell　cycle　progression．　　In　this　regard，　it　is　interesting　that　the

MCC　gene　was　previously　found　to　be　mutated　in　several　colorectal

tumors（6），　although　mutation　of　the　A1）C　gene　is　far　more　frequent．　In

addition，　it　has　been　reported　that　theルf　C　C　loci　frequently　undergoes　a

loss　of　heterozygosity　in　esophageal　and　lung　cancers　and　that　this

occurs　without　significant　correlation　to　alterations　in　A　1）C　（30，31）．

Intriguingly，　a　mutant　version　of　MCC（MCC－R506Q），　corresponding　to

that　identified　in　a　colorectal　tumor（6），　did　not　exhibit　any　cell　cycle－

blocking　activity，　suggesting　the　biological　importance　of　this　MCC

mutation．　Additionally，　MCC－K233T－E234A，　which　was　engineered　to

have　mutations　in　a　region　possessing　an　aminσ、acid，similarity　to　the　G

protein－coupled　m3　muscarinic　acetylcholine　receptor（6），閲’also　failed　to

indUce　cell・y・le　arre・t・Thi・fi・di・g・ug9・・t・th・t　this　regi・n・f　MCC

may　play　an　important　role　in　regulating　cell　cycle　progression．

　　　　　Among　the　known　tumor　suppressor　gene　products，　p53　（32，33），

pRB（34，35）and　WT1’（36，37）have　been　shown　to　have　a　potential　to
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negatively　regulate　cell　proliferation．　　These　are　all　nuclear　proteins　and

are　believed　to　regulate　the　expression　of　the　genes　whose　products　are

important　for　negative　growth　control．　Recently，　one　of　the　important

targets　of　p53　has　been　identified　as　the　gene　encoding　the　CDK　inhibitor

p21　（38－42）．　　In　addition　to　these　tumor　suppressor　gene　products，

several　different　classes　of　negative　regulators　of　cell　growth　have　also

been　reported，　including　secreted　proteins　such　as　the　transforming

growth　factor　betas（reviewed　in　reference　43），　a　growth　arrest－specific

membrane　protein　Gas1　（44），　Prohibitin　（45）　and　a　ras－related

transformation　suppressor　gene　product　K－Rev－1／Rap　1（46）．　Compared

to　these　negative　regulators，　MCC　is　unique　in　its　structure　and

subcellular　localization．　Additionally，　MCC　is　highly　expressed　in

differentiated　murine　tissues　（our　unpublished　observation）　such　as

neu・・nai　cell・（Fig．3），・ug9・・ti・g　th・t　MCC　m・y　pl・y…1・b・・id・・cell

cycle　regulation．　Thus，　detailed　analysis　of　the　function　of　MCC　may　give

new　insight　into　the　mechanism　of　the　regulation　of　cell　growth　and

differentiation．
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　　　　　　　　　　　　　　　　　　　　　LEGENDS　TO　FIGURES

FIG　1．　Identification　of　MCC．（A）Lanes　1－3，　iηvi〃o　translation

ofルfCC．　Aplasmid　vector　containing　the　MCC　cDNA　downstream　of　the

T7　promoter　was　transcribed　and　translated　iη　viτro　in　the　presence　of

［35S］methionine　as　described　under　the”Experimental　Procedures”．　1η

viτro　translation　products　of　M　C　C　are　shown　in　lane　l．　MCC　was　then

immunoprecipitated　with　anti－MCC　antibodies（lane　2）or　anti－MCC

antibodies　that　had　been　preadsorbed　with　an　excess　of　peptide　antigen

（lane　3）．　Lanes　4－12，　identification　of　MCC　iη⑭o．　COS－7　cells

transfected　with　the　expression　vector’ alone（pME　18S　vector）（lane　4）

or　MCC　expression　plasmid（pME18S－MCC）（lanes　5　and　6）were　labeled

with　［35S］methionine　for　4　h．　NIH3T3　cells（lanes　7－12）were　also

labeled　with［35S］methionine（lanes　7－10）or［32P］phosphate　（lanes　l　l

and　12）for　4　h．　MCC　was　immunoprecipitated　from　cell　lysates　with

anti．MCC　antib。di。、．　Lane、6，8，10，　and　l2，　anti－’ MCC　antib。di。、　w。，e

preadsorbed　by　an　excess　of　the　antigenic　peptide．　　　The

immunoprecipitates　were　analyzed　by　SDS－polyacrylamide　gel

electrophoresis　followed　by　autoradiography．　　（B）　　Partial　peptide

mapping　analysis　of　MCC．　MCC　which　had　been　immunoprecipitated

from　［35S］methionine－labeled　NIH3T3　cells　（lanes　1－3）　and　that

generated　by　匡ηviτro　translation（lanes　4－6）were　excised　from　the　gel，

partially　digested　with　V8　protease（lanes　l　and　4，2μg／ml；lanes　2　and

5，20μg／ml；lanes　3　and　6，200　μg／ml）　and　analyzed　by　SDS－

polyacrylamide　gel（15％）electrophoresis．　　幽　　　一　『－・

FIG．2．　Subcellular　localization　of　MCC．　NIH　3T3　cells　labeled

with　［35S］methionine　（lanes　l　and　2）　were　separated　into　crude

membrane　（lanes　3　and　4），　cytoplasmic　（lanes　5　and　6）and　nuclear
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（lanes　7　and　8）　fractions　as　described　under　the　”Experimental

Procedures”，　and　lysates　of　these　fractions　were　subjected　to

immunoprecipitation　with　anti－MCC　antibodies．　The　crude　membrane

fraction　derived　from　subcellular　fractionation　was　resuspended　in

O．1％SDS（lanes　g　ahd　lO），1％NP－40（lanes　l　l　and　l2），　or　O．5　M　NaCl

（lanes　13　and　14）．　　After　30　min　on　ice，　the　insoluble　material　was

pelleted　by　centrifugation，　and　the　supernatants　（lanes　9，　11　and　13）

and　　pellets　　（lanes　　10，　　12　　and　　l4）　　were　　subjected　　to

immunoprecipitation　with　anti－MCC　antibodies．

FIG．3．　Localization　of　MCC　in　the　mouse　intestinal

epithelium　（A・D）and　cerebellar　cortex　（E・H）．　　（A，　C，　E　and　G）

Immunofluorescence　microscopic　analyses．　　（B，　D，　F　and　H）

Immunoelectron　microscopic　analyses　using　colloidal　gold－conjugated

secondary　antibodies．　　（A）　Lateral　cell　borders　of　the　intestinal

epithelial　cells　showed　intense　immunoreactivity　for　MCC．　　The

cytoplasm　of　the　epithelial　cell　is　weakly　positive．　（B）Anumber　of

gold　particles　were　associated　with　the　interdigitated　lateral　plasma

membranes　of　the　epithelial　cells．　Some　gold　particles　were　scattered　in

the　cytoplasmic　matrix．　（E）MCC　is　highly　expressed　in　the　molecular

layer（m）of　the　cerebellar　cortex．　Purkinje　cells（arrows）and　cells　in

the　granular　Iayer（g）were　also　immunopositive．　（F）Immunogolds

were　associated　with　the　plasma　membrane　（arrows）and　membrane

organelles（arrowheads）of　Purkinje　cell（p）and　nerve　fiber3（n）．　（C，　D，

G　and　H）As　a　negative　control，　normal　rabbit　serum　was　used　for

・t・i・ing　in・tead・f　anti－MCC　antib・di…　Scal・bars・10μm　i・A・C・Eand

G；100nminB，D，FandH．

FIG．4．　Level・of　expression　and　phosphorylation　of　MCC
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during　cell　cycle　progression・（A）　NIH3T3　cells　were　growth

arrested　by　culturing　in　DMEM　containing　O．5％calf　serum　for　48　h，　and

then　stimulated　with　DMEM　containing　10％　calf　serum　to　induce

synchronous　cell　cycle　progression．　At　the　times　indicated　after　serum

stimulation，　the　cell　cycle　profile　was　determined　by　FACS　analysis　of

cellular　DNA　content．　The　relative　percentages　of　G　1，　S，　and　G20r　M

cells　are　listed　at　the　bottom．　（B）　NIH3T3　cells　synchronized　as　in（A）

were　harvested　at　the　indicated　times　and　subjected　to　Western

blotting　analysis　with　anti－MCC　antibodies．　　（C）　NIH3T3　cells

synchronized　as　in　（A）were　labeled　with　［32P］phosphate　for　2　h　before

harvesting．　MCC　was　imm皿oprecipitated　with　anti－MCC　antibodies

and　analyzed　by　SDS－polyacrylamide　gel　electrophoresis　followed　by

autoradiography．　Randomly　growing　NIH3T3　cells　were　also　analyzed．

FIG．5．　Effect　of　overexpression　of　MCC　on　cell　cycle

progression．　　Serum－starved　NIH3T3　cells　were　microinjected　with

theルf　C　C　orβ一galactosidase　expression　plasmid．　　Cells　were　re－

stimulated　with　serum　and　then　visualized　for　MCC，β一galactosidase　or

BrdU　incorporation．　The　histogram　shows　the　percentage　of　BrdU－

positive　NIH3T3　cells　expressing　the　injected　normal　or　mutant　MCC

FDNA・At　lea・t　90　cell・w・・e・c・・ed　f・・each　exp・・iment・MCc－R506Q・

the　mutant　MCC　cDNA　encoding　Gln　in　place　of　506－Arg；MCC－K233T－

E234A，　the　mutant　MCC　cDNA　encoding　Thr　and　Ala　in　place　of　Lys－233

and　Glu－234，　respectively・The　MCC　cDNA　was　also　microinjected　into

cells　that　had　been『arrested　at　G　1／S　by　aphidicolin二treatfnent．∵
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The　APC　gene　is　mutated　in　famiぬI　adenom別ous

polyposis（FAP）as　well　as　in　sporadic　colorecta1
加mours．　The　product　of　the　APC　gene　is　a　3①O　kDa

cytoPlasmic　protein　associated　with　the　adherence　junc－

tion　protein　c劔enin．　Here　we　show　t畑t　overexpression

of　APC　blocks　serum・induced　cell　cycle　progression

廿om　Go1GI　to　the　S　phase．　Mutant　APCs　identi血ed　in

FAP　andlor　colorectaHumours　were　less　inhibitory
and　partially　obstructed　the　activity　of　the　normaI

APC．　The　cell－cycle　blocking　activity　of　APC　was

allevi劔ed　by　the　overexpression　of　cyclin　EICDK20r

cyclin　I）11CDK4．　Consistent　with　this　result，　kinase

activity　of　CDK2　was　significantly　down・regulated

in　cells　overexpressing　APC　although　its　synthes拓

remained　unchanged，　while　CDK4　activity暇s　barely
af食cted．　These　results　suggest　that　APC　may　play　a

mle　in　the　reguladon　of　the　cell　cycle　by　negatively

modulating　the　activity　of　cyclin－CDK　complexes．

れWo㎡∫：APC／CDK！cell　cycle／cyclin／tumour　suppres－

sor　gene

Introduction

Familial　adenomatous　polyposis（FAP）is　a　dominantly
inherited　disease　that　results　in　the　development　of　multiple

adenomatous　polyps　in　the　colon　of　affbcted　individuals

（Burt　and　Samowitz，1988）．　Some　of　these　benign　tumours，

if　not　surgically　relnoved，　invariably　progress　to　carcin－

omas．　Additionally，　FAP　is　associated　with　extracolonic

manifestations　such　as　benign　soft　tissue　and　bony

tumours，　dental　abnormalities，　desmoid　tumours　and

gastric　and　small　intestinal　polyps（Gardner　and　Richards，

1953；Herrera，1990）．

　　Cytogenetic　and　linkage　studies　showed　that　the　human

chromosome　5q21　harbours　the　gene　responsible　for　FAP

（Bodmerετα」．，1987；Leppertετα膓．，1987）．　In　this　region，

the　tumour　suppressor　gene　APC　was　recently　isolated　by

positional　cloning　and　was　fbund　to　be　mutated　in　most

cases　of　FAP（Grodenθτα1．，1991，1993；Joslynετα』．，

1991；Kinzlerθτo／．，1991；Nishishoθτo／．，1991；Miyoshi

θrα／．，1992a；Nagaseε∫α1．，1992；Olschwangぴα／．，1993；

Varesco　6τ01．，1993）．　In　addition，　mice　with　germline

mutations　of　the　APC　gene　have　been　reported　to　manifest

aphenotype　similar　to　that　of　FAP（Suθ’α1．，1992；Fodde

θ’α2．，1994）．Furthermore，　recent　studies　have　shown　that

the　APC　gene　is　also　somatically　mutated　in　the　m司ority

of　sporadic　colorectal　tumours（Miyoshiετα／．，1992b；

Powellε’α」．，1992）．　Mutation　of　APC　is　believed　to

precede　mutations　in　the　rαs，ρ53　and　DCC　genes，　the

latter　which　lead　to　fhrther　clonal　expansion　and　progres－

sion　from　the　benign　to　malignant　state（Fearon　and

Vbgelstein，1990；Vbgelstein　and　Kinzler，1993）．　Both

ge㎜line　and　somatic　mutations　are　almost　exclusively

either　nonsense　or　f士ame－shift　mutations　that　result　in　the

truncation　of　the　APC　gene　product．

　　The　product　of　the　APC　gene　is　a　300　kDa　protein

consisting　of　2843　amino　acids（Groden訂αZ．，1991；

Kinzlerετ01．，1991；Smithετo／．，1993）．　Although　the

APC　protein　has　little　sequence　similadty　to　other㎞own

proteins，　it　contains　several　regions　that　have　a　high

probability　of品ming　coiled－coil　structures．　Consistent

with　this　prediction，　the　APC　protein　has　been　shown　to

fb㎜astable　homodimer　via　the　N－terminal　p頒of　the

molecule，　raising　the　intriguing　possibility　that　the　typical

C－teminally　tr皿cated　mutant　APC　protein　might　associ－

ate　with　the　no㎝al　APC　protein　and　inactivate　it　in　a

dominant　negative　manner（Joslynετα／．1993；Suετα1．，

1993a），　Cell　f㌃actionation　experiments　and　immunohisto－

chemical　analysis　have　suggested　that　APC　is　present　as

insoluble　aggregates　in　the　cytoplasm（Smith　6τα1．，1993）．

Furthermore，　it　has　been　reported　that　APC　is　associated

with　the　adherence　junction　protein　catenin，　suggesting

that　APC　is　involved　in　cell　adhesion（Rubinfeldθ’α1．，

1993；Su　6τα1．，1993b；Shibataε’αZ．，1994）．　More　recently，

APC　has　been　reported　to　associate　with　microtubules　in

cells　overexpressing　the　exogenously　transfected　APC

gene（Munemitsuετα1．，1994；Smithετα1．，1994）．

　　In　the　present　study，　we　investigated　the　fUnction　of　the

APC　protein　in　the　regulation　of　cell　proliferation．　We

fbund　that　APC　negatively　regulates　cell　growth　by
inhibiting　cell　cycle　transition　f㌃om　the　GI　to　S　phase．

Fu宜he㎜ore，　we　show也at　the　overexpression　of　ce宜瓜n

CDK－cyclin　proteins　abrogates　the　cell－cycle　blocking

activity　of　APC，　Consistent　with　this　result，　CDK2－

associated　kinase　activity　was　fbund　to　be　down－regulated

in　cells　overexpressing　APC．

Results

Expression　of　the　full＾length　APC　gene　product栖

NlH　3T3　celIs

Tb　investigate　the　function　of　the　APC　protein　in　the

regulation　of　cell　proliferation，　we　constmcted　an　APC

expression　plasmid　utilizing　a　tetracycline－regulable　pro－

moter（Gossen　and　B司ard，1992）and　examined　its　ability
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Fig．　L　Transient　expression　of　APC　in　NIH　3T3　cells．　HOS　cells

（lanes　l　and　2｝、　NIH　3T3　cells　trans允cted　with　APC　cDNA（lanes

3－5）and　parental　NIH　3T3　cells（lanc　6）were　labelled　with
L35Slmethionille　fbr　4　h．　In　lane　3，　cells　were　cultured　in　the　presence

of　tetracycline（1μg／ml）．　APC　was　immunoprecipitated　wnh　anti－

APC－Cter（lanes　23．5and　6）or　the　same　antibody　pre－absorbed

with　an　excess　of　antigen　used　for　immunization（lanes｜and　4）．　The

immunoprecipitates　were　separated　on　SDS－PAGE（5％）followed　by

日uol’ography．　APC　is　indicated　by　the　arrowhead、

to　synthesize　the　full－length　gene　product．　Antibodies

againsUhe　C－te㎜inal　portion　of　the　human　APC　protein

（refbrred　to　as　anti－APC－C－ter）detected　the　ectopically

expressed　300　kDa　APC　protein　in　NIH　3T3　cells　that

had　been　transfected　with　the　APC　expression　plasmid　as

well　as　the　endogenously　expressed　APC　protein　in　human

osteosarcoma　HOS　cells（Figure　l）．　By　contrast，　APC

was　barely　detected　in　both　the　parental　NIH　3T3　cells

and　the　transfectant　cultured　in　the　presence　of　tetracycline，

which　represses　the　activity　of　the　promoter　utilized　in

the　expression　vector．　Precipitation　of　APC　was　blocked

by　pre－incubation　of　the　antibodies　with　the　antigenic

peptide．　In　addition，　cDNA　expression　vectors　were　gener－

ated　encoding　a　mutant　APC　lacking　its　N－terminal　region

（amino　acids　6－1210）（refbrred　to　as　APC△N）and　mutants

in　which　stop　codons　replaced　Arg302（APC－302），　Ser932

（APC932）　and　Gln1338　（APC－1338）．　These　lauer

mutations　recreate　those　previously　identified　in　FAP

and／or　sporadic　colorectal　tumours（M｛yoshiθτα1．，

1992a、b；Nagase訂α1．，1992）．　When　these　constructs　were

transfected　imo　NIH　3T3　cells　and　expression　induced　by

culture　in　the　absence　of　tetracycline，　proteins　of　～40，

100．150and　l　70　kDa　size　were　produced　（data　not

shown）consistent　with　the　calculated　molecular　weights

of　APC－302，－932，－1338　and－△N，　respectively．　These

results　suggest　that　the　normal　and　mutant　APC　expression

constructs　are　able　to　direct　the　synthesisof　the　full－length

and　truncated　APC　proteins　in　living　cells．

Colony　formation　assay
Using　these　expression　constructs，　we　perf6rmed　a　colony

formation　assay　with　the　monkey　kidney　fibroblast　cell

Iine　CV－1．　CV－1　cells　transfected　with　the　normal　APC

expression　plasmid　formed　lO一衣）ld　fewer　geneticin－

resistant　colonies　than　those　transfセcted　with　the　control

expression　vector（Figure　2）．　APC－1338　showed　less　of

an　inhibitory　effect　on　colony　fbrmation，　while　APC－△N

had　no　inhibitory　activity．　These　resuhs　sugges“hat　nomal

APC　possesses　the　ability　to　inhibit　cell　p1・oliferation．

APC　gene　blocks　G1－S　transition　of　cell　cycle

CV－1

vector

Number　ofColonies
5｛｝O

に＝＝＝：＝＝：コ［3」8

1211
2糾3

Fig．2．　E撤t　of　APC　on　colony　fo㎜ation．　CV－l　cells　were

trans允cted　with　the　indicated　plasmids，　and　cultured　in　the　presence　of

600μg／ml　of　geneticin　for　3　weeks．　The　histogram　shows　the　number

of　geneticin－resistant　colonies．　Schematic　representations　of　the　normaI

and　mutant　APCs　are　given　on　the　len　side　of　the　histogram，　Values

are　the　mean±SD　of　three　experiments．

APC　arrests　ce日s　at　the　GT　Phase

Given　the　ability　ofAPC　negatively　to　regulate　cell　growth，

we　tested　whether　APC　blocks　cell　cycle　progression　at

aspecific　poinL　Tb　examine　the　effect　of　APC　expression

on　cell　cycle　progression　from　the　GI　to　S　phase，　we

．micro－i可ected　the　APC　cDNA　into　NIH　3T3　ceIls　that

had　been　brought　to　quiescence　by　serum　starvation．　After

cells　were　stimulated　with　serum　to　restart　synchronous

cell　cycle　progression，　micro一呵ected　cells　were　identified

by　staining　for　the　APC　protein，　and　cells　that　entered　the

Sphase　were　identined　by　staining　for　BrdU　incorporation．

Cells　micro－injected　with　the　APC　cDNA　showed　signi一

行cantly　lower　BrdU　incorporation　than　those司ected　with

theβ一galactosidase　cDNA（Figure　3A　and　B）．　By　contrast，

BrdU　incorporation　was　not　inhibited　when　the　micro－

irりected　cells　were　cultured　in　the　presence　of　tetracycline，

which　represses　the　activity　of　the　promoter　utilized　in

the　expression　vector（Figure　3B，　indicated　by　‘＋Tet’）

（Gossen　and　Bujard，1992）．　These　results　suggest　that

APC　can　block　the　progression　of　cells　from　the　Go　to

the　S　phase．

Cell－cycle　blocking　activity　of　APC　mutants

In　a　similar　assay，　the　mutant　APCs，　APC－302，－932　and

－ 1338，　showed　only　weak　inhibitory　ef允cts，　while

APC－△N　barely　inhibited　cell　cycle　progression（Figure

3B）．　Interestingly，　C－terminally　truncated　mutant　APCs

have　been　shown　to　fbrm　heterodimers　with　the　normal

APC　via　an　N－ternlinal　dimerization　domain　and　it　has

been　suggested　that　this　inactivates　the　normal　APC　in　a

dominanトnegative　fashion（Smithぞτα1．，1993；Suぴα／．，

1993a）．　Indeed，　cells　micro一呵ected　with　normal　APC

along　with　APC－302，－9320r－1338　showed　higher　BrdU

incorporation　than　those　injected　with　the　normal　APC

alone（Figure　3B），　suggesting　that　these　mutant　APCs　can

inhibit　the　cell－cycle　blocking　activity　of　the　normal　APC．

Effect　of　APC　at　different　time　points　through　the

Gl　to　S　phases

We　next　tried　to　de行ne　more　precisely　the　time　point　at

which　APC　exerts　its　inhibitory　activity．　NIH　3T3，cells

were　injected　with　the　APC　cDNA　orβ一galactosidase

cDNA　at　various　times　after　addition　of　serum，　and　DNA

synthesis　was　scored　by　measuring　BrdU　incorporation．

Under　the　conditions　used　in　our　experiment，　the　APC

protein　synthesized　from　the　irりected　cDNA　was　detectable

in　the　cytoplasm　from　at　least　2　h　after　micro－i両ection．

Atime－course　experiment　with　unirjected　cells　showed
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Fig．3．　Ef允ct　of　overexpression　of　the　normal　and　mutant　APCs　on　cell　cycle　progression．（A）Mcro－irUection　of　APC　cDNA　inhibits　the

serum－induced　G〔｝／Gl　to　S　transition．　Senlm－deprived　NIH　3T3　cells　micro－injected　with　the　APC（a，　b　and　c）orβ一galactosidase（d，　e　and　f）

expression　plasmids　were　re－stimulated　with　serum　and　then　visualized　fbr　APC（a），β一galactosidase（d）or　BrdU　incorporation（b　and　e）．　In　c　and　f，

cells　were　stalned　with　DAPL　white　arrowheads　point　to　representative　cells．（B）Quanti6cation　of　BrdU－positive　cells．　Schematic　representations　of

the　normal　and　mutant　APCs　are　given　on　the　left　side　of　the　histogram．　The　histogram　shows　the　percentage　of　BrdU－positive　NIH　3T3　cells

両ected　with　the　normal　or　mutant　APCs．　For　experiments　with　NIH　3T3　cultured　in　the　presence　of　tetracycline（＋Tξり，β一galactosidase　cDNA　was

co－micro－injected　with　APC　cDNA　and　micro－i司ected　cells　were　identified　by　staining　fbrβ一galactosidase，　since　APC　is　barely　expressed　in　the

presence　of　tetracycline．　Effbcts　of　mutant　APC　expression　on　the　cell－cycle　blocking　activity　of　normal　APC　are　also　shown：serum－deprived　NIH

3T3　cells　were　micro一呵ected　with　the　normal　APC　along　with　APC－302、－9320r－1338．　At　least　90　cells　were　scored　fbr　each　experiment．　ValLles

are　the　mean±SD　of　three　experiments．＊P＜0．005　as　compared　with　normal　APC；＠P＜0．05　as　compared　with　normal　APC．

5620



APC　gene　blocks　GrS　transition　of　cell　cycle

that　the　number　of　BrdU－positive　cells　began　to　increase

～ 12hafter　serum　addition．　Injection　of　the　APC　cDNA

at　8　h　after　serum　addition　could　still　inhibit　BrdU

incorporation，　but　i可ection　at　l　O　h　was　ineffective（Figure

4）．By　contrast，　injection　of　theβ一galactosidase　cDNA

did　not　inhibit　BrdU　incorporation　at　any　time　poinL

These　results　suggest　that　APC　acts　in　the　mid　to　late

Gl　phase．

Cyclin－CDK　inhibits　cell－cycle　blocking　activity　of

APC
To　further　elucidate　the　mechanism　by　which　APC　blocks

cell　cycle　progression，　we　examined　whether　overexpres－

sion　of　molecules　important　for　cell　cycle　regulation　could

overcome　the　inhibitory　effect　of　APC．　We　6rst　co－micro－

irUected　the　SV401arge　T　antigen　or　HPV　E6　and／or　E7

genes　together　with　APC，　but　fOund　no　effεct　on　APC

inhibitory　activity（Figure　5）．　However，　the　T　antigen

and　E6／E7　expression　constructs　aUeviated　the　cell－cycle

blocking　activity　of　pRB　on　human　osteosarcoma　SaoslI

cells　and　that　of　p530n　both　NIH　3T3　cells　and　SaosII

cells，　respectively　（data　not　shown）．　Thus　neither　the

inhibition　of　pRB　nor　p53　seems　to　be　important　for　the

action　of　APC．　Also　neither　the　Rous　sarcoma　virus∫κ・

gene　nor　an　active　version　of　the　r可gene（Mitsunobu

eτα／．，1989）inhibited　the　activity　of　APC，　although　these

expression　constructs　were　capable　of　transfbrming　NIH

3T3　cells（data　not　shown）．　In　addition，　APC　exerted　an

inhibitory　activity　on　v一ぷκ一and　activatedγφtransformed

NIH　3T3　cell　lines（data　not　shown）．　However，　co－micro－

i可ection　of　the　CDK2　cDNA　along　with　cyclin　E，　or

CDK4　along　with　cyclin　D　I　abrogated　APC　inhibition

（Figure　5）．　Micro－ir日ection　of　either　cyclin　E　or　cyclin

Dl　alone　also　had　a　partial　ef俺ct　in　alleviating　APC

inhibition，　whereas　neither　CDK2　nor　CDK4　alone　could

reverse　the　effect　of　APC．
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Fig．4．　Effect　of　APC　expression　at　different　time　points　through　G　l　to

Sphase．　Serum－starved　NIH　3T3　cells　were　micro一珂ected　with　APC

cDNA（創ed　column）orβ一galactosidase　cDNA（open　column）at　the

indicated　times　after　stimulation　with　10％calf　serum．　At　least　90

cells　were　scored　for　each　experimem．　Values　are　the　mean±SD　of

three　experiments．
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Fig．5．　Effect　of　expression　of　cell－cycle　regulating　genes　on

APC－mediated　cell　cycle　arresL　Serum－deprived　NIH　3T3　cells　were

micro－injected　with　APC　cDNA　along　with　the　genes　indicated，　The

experiments　were　performed　as　in　Figure　3．　At　least　90　cells　were

scored　for　each　experilnent，　Values　are　the　mean±SD　of　three

experiments．＊P〈0．005　as　compared　with　normal　APC；＠P＜0．05　as

compared　with　norlnal　APC．

Effect　of　APC　on　cyclin－CDK－associated　kinase
activjty

To　determine　whether　cyclin－CDK　complexes　function

upstream　or　downstream　of　APC，　we　asked　whether
cyclin－CDK－associated　kinase　activity　is　down－regulated

by　the　action　of　APC．　For　these　experiments，　we　used

cells　transiently　overexpressing　APC，　since　we　could　not

establish　cell　lines　in　which　APC　was　induc▲bly　expressed．

Under　the　conditions　used，～10％of　the　cells　took　up　and

expressed　the　transfected　APC　plasmid．　We　therefore

separated　the　trans丘cted　cells　by　How　cytometry　using

the　decay　accelerating　factor（DAF）as　a　marker　protein

（Inoueεzα1．，1993）．　Serum－deprived　NIH　3T3　cells　which

had　been　transfected　with　the　APC　cDNA　along　with

DAF　cDNA　were　induced　to　enter　the　cell　cycle　by　the

addition　of　l　O％serum　and，　after　I　2　h，　the　transfected

cells　were　separated　by　How　cytometry　based　on　DAF

immunoHuorescence．　Under　these　conditions，〈30％of
the　cells　expressing　the　transfected　APC　incorporated

BrdU，　while　almost　all　of　the　untransfbcted　cells　or　cells

transfbcted　with　DAF　and　the　vector　took　up　BrdU．

From　the　separated　DAF十cells，　CDK2　and　CDK4　were

immunoprecipitated　and　assayed　fbr　their　abilities　to

phosphorylate　histone　H　l　and　bacterially　produced　pRB，

respectively．　DAF十cells　co－transfbcted　with　APC　dis－

played　a　very　low　level　ofCDK2－associated　kinase　activity，

compared　with　both　untransfected　cells　and　DAF＋cells

co－transfected　with　the　vector（Figure　6A）．　In　untrans允cted

cells　CDK2　kinase　activity　was　enhanced　by　the　addition

of　serum．　On　the　other　hand，　CDK4－associated　kinase

activity　was　not　affected　by　the　overexpression　of　APC

and　was　enhanced　by　serum　stimulation．　Although　in

APC－transfected　cells　CDK2　activity　was　suppressed，

neither　CDK2　nor　CDK4　protein　levels　were　significantly

affbcted（Figure　6B）；both　CDK2　and　CDK4　protein　levels

were　enhanced　by　the　addition　of　serum．　In　both　the

APC－expressing　cellsand　control　cells　the　faster　migrating，

active　fbrm　of　CDK2　was　detected，　while　the　amount　of

slower　migrating，　inactive　form　was　decreased．　We　could

not　examine　the　level　of　cyclin　E，　since　anti－cyclin　E

antibodies　suitable　fY）r　the　detection　of　cyclin　E　were　not

available　to　us．

Discussion

The　colony　fOrmation　assay　showed　that　APC　inhibits　the

growth　of　monkey　kidney　6broblast　CV－l　cells．　Micro－

i可ection　experiments　further　showed　that　APC　blocks

serUm－induced　cell　cycleprogression　into　S　phase　in　mouse

NIH　3T3　cells．　In　contrast，　mutant　APCs　corresponding　to

those　identified　in　FAP　and／or　colorectal　tumours　were

less　inhibitory　in　these　assays．　These　findings　are　consistent
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Fig．6．（A）E旅》ct　of　APC　on　the　activity　of　cyclin－CDK．　N田3T3

cells　were　transfected　with　the　control　expression　vector　or　the　APC

expression　construct　along　with　the　DAF　expression　construct．　Cells

were　senlm－starved　for　48　h　and　then　induced　to　enter　the　cell　cycle

by　the　addition　of　l　O％serum　and．　after　12h，　the　transfected　cells

were　separated　by　How　cytometry　based　on　DAF　immunonuorescence．

CDK2　and　CDK4　were　immunoprecipitated　from　the　separated　cells
（1×105cells）and　subjected　to　a　kinase　assay　using　histone　HI　or

bacterially　produced　pRB．　Kinase　assays　were　also　performed　with

control（untrans飴cted）NIH　3T3　cells　harvested　at　O　h　and　l2　h　after

serum　addition．　When　the　antibodies　that　had　been　pre－absorbed　with

antigens　were　used，　kinase　activity　was　not　detected　in　the　precipitates

prepared廿om　control　NIH　3T3　cells　cultured　in　the　presence　of　l　O％

serum　for　12h．（B）Effect　of　APC　on　the　levels　of　CDK2　and　CDK4．

Cells　used衣）r　the　kinase　assay　in（A）were　also　su切ected　to　Western

blotting　analysis　using　anti－CDK20r　CDK4　antibodies．　An’owheads

indicate　inactive　and　active　CDK2，　respectively．

with　the　observation　that　inactivation　of　APC　results　in

the　development　of　adenomatous　polyps　in　the　colon．

Additionally，　several　C－terminally　truncated　mutant　APCs

partially　alleviated　the　cell－cycle　blocking　activity　of　the

normal　APC，　suggesting　that　the　function　of　the　normal

APC　may　be　inhibited　by　the　formation　of　heterodimers

with　the　mutant　APCs　via　an　N－terminal　dimerization

domain（Nishishoαα1。，1991；Joslynαα1．，1993；Su
6τα1．，1993a）．

　　Our　micro－i可ection　experiments　showed　that　the　cell－

cycle　blocking　activity　of　APC　was　not　inhibited　by　the

SV401arge　T　antigen　or　papillomavirus　E6／E7，　suggesting

that　the　APC　pathway　may　not　involve　pRB　or　p53．

Although　we　cannot　rule　out　the　possibi1▲ty　that　the　levels

of　expression　of　these　transforming　proteins　were　not

sumcient　to　abrogate　the　effbct　of　APC，　it　should　be　noted

that　our　expression　constructs　were　capable　of　relieving

the　inhibitory　effects　of　p53　and　pRB　on　ceU　cycle

progression（data　not　shown）．　In　a　similar　series　of

experiments，　we　also　examined　the　effects　of　co－express｛on

of　v－Src　or　the　N－terminal　truncated　active　Raf．　v－Src　was

previously　reported　to　phosphorylateβ一catenin　on　tyrosine

residues　and　inactivate　cadherin－mediated　cell－cell　inter一
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action（Hamaguchiσα／．，1993）．　However，　overexpresslon

of　v－Src　did　not　abrogate　the　effect　of　APC　Raf，　which

is　activated　immediately　after　serum　stimulation，　and　is

known　to　play　an　important　role　in　the　transduction　of

signals　from　growth　factor－stimulated　tyrosine　kinases　and

Ras　to　the　MAP　kinase　cascade（Nishida　and　Gotoh，1993；

Marshall，1994）．　Nevertheless，　the　activity　of　APC　was

not　inhibited　by　the　overexpression　of　the　active　Raf」t

should　also　be　noted　that　the　v－∫rc　and　active　r6ゾconstructs

used　in　these　experiments　are　able　to　transfOrm　NIH　3T3

cells（data　not　shown）．　Additionally，　molecular　events

occurring　during　the　nrst　8　h　after　serum　stimulation　are

apparently　not　essential　fbr　the　APC－mediated　cell　cycle

block，　since　micro一両ection　of　the　APC　cDNA　at　thls　time

point　could　still　partially　abrogate　cell　cycle　progression　to

the　S　phase．

　　One　of　the　most　intriguing　findings　in　this　study　is　that

overexpression　of　cyclin　E　plus　CDK20r　cyclin　D　l　plus

CDK4　abrogates　the　APC－mediated　G　l　growth　arrest．　Our

finding　suggests　that　cyclin－CDK　may　f皿ction　upstream

or　downstream　of　APC　Cyclin　E－CDK2　and　cychn　D　1－

CDK4　are　believed　to　regulate　cell　cycle　progression

through　the　G　l　to　S　phase　by　phosphorylating　key　substrate

proteins（Hunter　and　Pines，1994；Sherr，1994）．　However，

unlike　pRB，　whose　activity　is　down－regulated　by　cyclin－

CDK－mediated　phosphorylation（Akiyama　eτα／．，1992；

Hindsε’α／．，1992；Dowdyετα1．，1993；Ewenεrα1．，

1993a；Kato　訂　α1．，1993），　direct　phosphorylation　of

APC　by　cyclin－CDK　seems　unlikely　given　their　diffbrent

subcelMar　locations．　Another　possibility　is　that　cyclin－

CDK　complexes　are　involved　in　mediating　the　fUnction

of　APC．　For　example，　the　growth－suppressive　signal

mediated　by　the　cytoplasmic　APC　may　be　transduced　into

the　nucleus　and　consequently　down－regulate　the　activity

of　cyclin－CDKs．　Indeed，　we　found　that　CDK2－associated

kinase　activity　remains　low　in　the　late　Gl　phase　of

APC－overexpressing　cells．　These　results　suggest　that　APC

may　block　cell　cycle　progression　by　inhibiting　the　activity

of　CDK2．

　　Unlike　CDK2，　CDK4－associated　kinase　activity　was

not　suppressed　but　was　normally　enhanced　in　the

APC－overexpressing　cells　concomitant　with　cell　cycle

progresslon　through　the　G　I　phase．　However，　overexpres－

sion　of　CDK4　along　with　cychn　D　l　abrogated　the　activity

of　APC，　though　the　effect　was　not　as　significant　as　that

of　CDK2　plus　cyclin　E　In　this　regard，　it　is　interesting　to

note　that　it　has　been　suggested　that　CDK4　acts　upstream

of　CDK2，　and　its　activation　may　precede　and　promote　the

activation　of　CDK2（Ewenετα1．，1993b）．　Hence，　it　is

possible　that　overexpression　of　CDK4　along　with　cyclin

Dl　may　alleviate　the　cell－cycle　blocking　activity　of　APC

by　activating　CDK2．

　　Although　the　activity　of　CDK2　is　suppressed　in
APC－overexpressing　cells，　this　does　not　appear　to　be　the

result　of　a　change　in　the　level　of　CDK2　expression．　Thus，

achange　in　the　level　of　cyclin　E　might　be　one　possible

mechanism　for　down－regulation　of　CDK2　activity，　though

anti－cyclin　E　antibodies　available　to　us　were　not　suitable

for　the　detection　of　mouse　cyclin　E．　An　alternative

mechanism　fbr　suppression　of　CDK2　activity　may　involve

the　recently　discovered　class　of　small　CDK　inhlbitor

proteins　such　as　p21（also　known　as　WAFl，Cipl，CAP20，
Sdi　l　and　Pic　l），　pl61NK4、　P】5［NK4B　and　p27Kipl（Hunter



and　Pines，1994；Sherr，1994）．　Interestingly，　the　TGFβ一

mediated　cell　cycle　block　has　been　shown　to　involve
inhibitors　of　cyclin－CDKs，　p　l　51NK4B　and　p27KiP1（Hannon

and　Beach，1994；Polyakε∫α1．，1994a，b；百）yoshima　and

Hunter，1994），　in　addition　to　decreasing　the　expression　of

CDK4　and　cyclin　E（Ewen　6’α》．，1993b；Geng　and
Weinberg，1993）．　Also，　p53　has　been　suggested　to　block

the　cell　cycle　by　inducing　the　expression　of　p21（El－Deiry

ετα1．，1993；Guετ01．，1993；Harperετα》．，1993；Hunter，

1993；Xiongετα1．，1993；Nodaσ01．，1994）．　Thus，　it　will

be　interesting　to　examine　whether　APC　may　also　regulate

the　expression　or　activity　of　the　proteins　involved　in

controlling　the　flmction　of　cyclin－CDKs．

　　As　mentioned　above，　p53　and　pRB　have　been　reported

to　function　upstream　and　downstream　of　cyclin－CDK，

respectively，　and　to　block　cell　cycle　progression　fセom　the

Go／Gl　to　S　phase．　Our　results　imply　that　APC　also　blocks

cell　cycle　progression　in　the　Gl　phase．　Additionally，　we

have　recently五）und　that　the　product　of　the　Wilms　tumour

suppressor　gene　WTI　blocks　cell　cycle　progression　from

the　Go／GI　to　S　phase　and　this　activity　is　abrogated　by　the

overexpression　of　cyclin－CDK　（Kudohετα1．，1995）．

Furthermore，　in　WTl－overexpressing　cells　both　CDK2

and　CDK4　activities　are　ref士actory　to　induction　by　serum

stimulation．　However，　while　p53，　pRB　and　WT　l　are

nuclear　proteins　which　exert　their　effects　by　transcriptional

regulation，　APC　is　a　cytoplasmic　protein．　Accordingly，

the　mechanism　of　APC－mediated　cell　cycle　block　would

involve　a　pathway　not　shared　with　p53，　pRB　or　WT　1．

Elucidation　of　the　APC　pathway－mediated　growth　arrest

may　provide　new　insights　into　the　understanding　of　the

negative　regulation　of　cellular　proliferation．　In　addition，

it　should　be　noted　that　our　study　does　not　exclude　the

possibility　that　APC　has　the　ability　to　block　cell　cycle

progression　at　point（s）other　than　the　GI　phase．　In　this

regard，　it　is　interesting　to　note　that　pRB　has　recently　been

reported　to　have　the　potential　to　aiTest　cells　in　G2（Karantza

ετα1．，1993）．p53　has　been　reported　to　be　a　component　of

aspindle　checkpoint　that　ensures　the　maintenance　of

diploidy（Crossετα1．，1995）．　Thus　it　remains　to　be

elucidated　whether　APC　has　an　additional　ability　to　block

cell　cycle　progression　at　dif丘rent　point（s）　such　as　the

G2　phase．

　　In　conclusion，　overexpression　of　APC　was　fbund　to

inhibit　cell　growth　by　blocking　cell　cycle　progression

廿om　the　G㎡G　l　to　S　phase．　Fu仕he㎜ore，　inhibition　of　the

activity　of　CDK2　was　suggested　to　be　involved　in　mediat－

ing　the　APC－induced　cell　cycle　block．　These　findings　raise

the　possibility　that　APC　may　play　a　role　in　the　transmission

of　a　negative　signal　such　as　the　contact　inh輌bition　signal

into　the　nucleus　and　thus　negatively　regulate　cell　cycle
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Materials　and　methods

Const田ction　of　APC　expression　plasmids
The　APC　expression　plasmid　pUHDneoAPC　was　generated　by　inserting

the　fu11－length　protein　coding　region（Sα／1－80η1HI　fragment）of　the　APC

cDNA　and　the　geneticin－resistance　gene　into　the　pUHDlO－3　vector，　which

caπies　a　tetracycline－responsive　cytomegalovirus　promoter（Gossen　and

BUjard，1992）．　APC－302，－932　and－1338　were　generated　by　site－directed

mutagenesis　with　the　synthetic　oligonucleotides　5’－TGTCAGCCTT－

CAAGGTGCAGA－3’，5’－GTAAGTGTTTCAArGTGTATG－3’and　5’－
ACTAGAACCCTACAGTCTGCT二3’，　respectively　（Kunkel，　1985）．

APC　gene　blocks　G1－S　transition　of　cell　cycle

APC－△N　was　constructed　by　digesting　the　APC　cDNA　with　IV4d
fbllowed　by　blunting　with　T4　DNA　polymerase　and　self－ligaUon．

Antibodies
Anti－APC－C－ter　were　prepared　by　immunizing　rabbits　with　a　synthetic

peptide　corresponding　to　amino　acids　2830－28430f　APC　and　puri6ed

by　af6nity　chromatography　on　a　column　to　which　the　synthetic　peptide

had　been　covalently　linked．　Antibodies　against　the　N－terminal　region

（anti－APC－N－ter）were　prepared　by　immunizing　rabbits　with　a　bacterially

synthesized　APC　f十agment（amino　acids　l　l　9－250）fused　to　glutathione

∫－transferase．

Immunoprecip詑ation
Human　osteosarcoma　HOS　and　mouse盒broblast　NIH　3T3　cells　were

cultured　in　Dulbecco’s　modi丘ed　Eagle’s　medium（DMEM）containing

lO％fetal　calf　serum　and　calf　serum，　respectively．　Cells　were　labelled

R）r4hin　methionine－free　DMEM　containing　l　mCi　of［35S］methionine

（100μCi／ml，1200　Ci／mmo1，　New　England　Nuclear）and　lysed　in

solubilizing　buffer［50　mM　Tris，　pH　7．2，1％NP－40，05％sodium

deoxycholate，0．1％SDS，0．15　M　NaCl，50　mMβ一glycerophosphate，

5mM　DTT，　l　mM　sodium　orthovanadate，0．05　mM　NaF，0．l　mM
（ρ一amidinopheny1）methanesulphonyl　Huoride　and　leupeptin（5μg／ml）］

（Akiyamaε’αム，1992）．　The　lysates　were　incubated　with　antibodies　fbr

lhat　4°C．The　immunocomplexes　were　adsorbed　to　protein　A－Sepharose

4B　and　washed　extensively　with　solubilizing　buffξL　Samples　were

analysed　by　SDS－PAGE　fbllowed　by　autoradiography．

Colonv　formation　assav
CV－1　cells　were　transfbcted　with　40μg　of　the　APC　expression　plasmid

（pUHDneoAPC）along　with　20μg　of　the　transactivator　plasmid　by

electroporation　using　a　Gene　Pulser（Bio－Rad）（960μE　260　V）．　At　24　h

after　transfection，　cells　were　trypsinized，　diluted　l：10，　and　cultured　in

the　presence　of　600μg／ml　of　geneticin　fbr　3　weeks．　The　plates　were

fixed　and　stained　with　Giemsa．

MicrO－iniection
NIH　3T3　cells，　which　were　grown　on　coverslips（5×105　cells／cm2），

were　cultured　in　DMEM　containing　O．4％calf　serum　fbr　24　h　and　then

micro－i可ected　with　the　normal　or　mutated　APC　expre⑨sion　plasmid　or

β一galactosidase　　expression　　plasmid　　（pUHDneoβ一galactosidase）

（200μg！ml　DNA）．　After　incubating　fbr　24　h　in　the　same　conditions，

medium　was　replaced　with　fresh　DMEM　containing　lO％calf　semm
and　50　ng！ml　BrdU，　and　the　cells　were　then　incubated　for　another　l　8　h．

Cells　were　nxed　in　3．7％Ib㎜aldehyde　in　PBS｛br　30　min，　treated　with

IOO％methanol　fbr　l　O　min　and　then　treated　with　2　N　HCI　fOr　l　O　min．

The　APC　protein　was　detected　with　anti－APC－N－ter　antibodies　and

FITC－co可ugated　goat　anti－rabbit　IgG（Cappel）．　BrdU　was　detected　with

an　anti－BrdU　monoclonal　antibody　BU－4（肱kara）fbllowed　by　RITC－

co巾gated　goat　anti－mouse　IgG（Cappe1）．　For　expe亘ments　pe血㎜ed

in　the　presence　of　tetracycline（1μg／ml）and　those　with　APC－△N，　the

β一galactosidase　cDNA（pBAβ一galactosidase）was　co－micro－irjected　with

the　APC　cDNA　and　micro－i可ected　cells　were　identmed　by　staining　fbr

β一galactosidase．

Flow　cytomet「y
NIH　3T3　cells（3×106　cells）were　co－transfセcted　with　5μg／0．8　ml　of

pMEDAE　a　vector　containing　the　human　DAF　cDNA，20μg10．8　ml　of

the　transactivator　plasmid　and　40μg／0．8　ml　of　the　APC　expression

plasmid　by　electroporation　using　a　Gene　Pulser（Bio－Rad）（960μF，

260V）as　described（Inoueσ01．，1993）．　Cells　were　cultured　in　DMEM

containing　lO％calf　serum負）r　5　h　and　then　in　DMEM　containing　O．4％

calf　serum衣）r　48　h．　Subsequently，　the　medium　was　replaced　with翫esh

DMEM　containing　lO％calf　serum，　and　the　cells　were　incubated　fbr

another　l　2　h．　Cells　were　then　stained　with　biotin－conjugated　anti－

DAF　monoclonal　antibody　B－IAIO　and　phycoerythrin－co両ugated
Streptavidin，　and　immunostained　cells　were　separated　by　now　cytometry

using　a　FACS　Vintage　Machine（Becton　Dickinson）．

In　v託ro　kinase　assay　and　Westem　bIotting加alVsis
DAF＋　NIH　3T3　cells　separated　by　How　cytometry　were　lysed　in

solubilizing　buf丘r［50　mM　Tris，　pH　7．2，1％NP40，0．15　M　NaC1，5mM

dithiothreitol，0．1mM（ρ一amidinophenyりmethanesulphonyl　nuoride　with

leupeptin　at　5μg／m1］and　su句ected　to　immunoprecipitation　with　anti－

CDK2　antibodies　as　described（Akiyama百α1．，1992）．　The　immuno－

complexes　were　incubated　with　lμg　of　hi⑨tone　H　l　in　50μl　of　kinase

reaction　buf丘r［50　mM　Tris，　pH　7．2，10mM　MgCl2，1mM　dithiothreitol，

10μM［γ一32P］ArP（5μCi）］衣）r　20　min　at　30°C．　CDK4－associated　kinase
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activity　was　assayed　using　1μg　of　bacterially　produced　GST－pRB　as　a

substrate　according　to　Matsushimeσαパ1994）．　Samples　were　analysed

by　l　2％SDS－PAGE　fbllowed　by　autoradiography．

　　For　Wstem　blotting　analysis，　lysates　obtained　as　desc亘bed　above

were　resolved　by　12％SDS－PAGE　and　transferred　onto　poly（vinylidene

di且uo㎡de）membranes（lmmobilon－R　Millipore）．　Blots　were　probed

with　antibodies　to　CDK20r　CDK4　and　subsequently　with　alkaline

phosphatase－conjugated　second　antibodies．
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YOh　Dobashi‡，　Tetsuhiro　Kudoh‡，　Akihiko　Matsumine‡，　Kumao　Toyoshima§，

and　Tetsu　Akiyama‡¶

From亡みe‡Depαr赫ηerL£of　O7τco9匂τe　Res¢αrcハτ，　Rεseαrcみjrπsれ沈紘e派）r　M三cro玩α膓Diseαses，　OsαんαU厄u¢r8竣y，　Sμ杜α，

Osα為α565，」αpαπαれd§Tみe　CerLter扮）r　Adμlt　D↓seαses，08α為α537，」αpαπ

　　Changes　in　the　levels　of　cyclins∠㍉D，　alld　E，　p21，　and

cycli皿・depende皿t　kinase　2（CDK2）were　examined　in　rat

pheochromocytoma　PC12　cells　du亘ng　neuronal　dif民r・
entiation　induced　by　nerve　growth　factor（NGF）．　Ex・
pression　of　cycli皿Adecreased　to　an　undetectable　level
after　5　days　of　exposure　to　NGF，　wllile　expression　of

CDK2　decreased　gradually　after　day　3．　In　contrast，　the

levels　of　cyclins　DI　a皿d　E　increased　gradually　through

day　10，　yet　the　amount　of　cyclin　E　associated　with　CDK2

decreased　concomitant　with　a　decrease　in　the　CDK2
protei皿leveL　P21　expression　increased　gradually　after
day　7，　wllile　the　level　of　CDK2・associated　p21　remailled

u皿cbanged．　When　human　cDNAs　encoding　cyclins　and
CDK2　were　introduced　into　PC12　cells，　only　CDK20ver・

expression　inhibited　NGF・ind恥ed　dif飴rentiation．皿1e
cell　lines　overexpressing　CDK2　showed　stable　alld　high
levels　of　CDK2　kinase　activity　during　dif飴rentiation，
wllereas　parental　and　v㏄tor・transf已cted　ce111ines　di⑨・

Played　a　lnarked　decline　in　CID脇kinase　activity　l　day

after　NGF　treatme皿t．　In　cell　lines　overexpressing　cyclins

ノ㌧D，and　E，　tllis　reduction　of　tlle　ldnase　activity　was　not

apparent　until　day　3．　These　results　suggest　that　dow皿・

regulation　of　CDK2　activity　is　a　crucial　event　fbr　the

neuronal　diffbre皿tiation　of　PC12　cells．

　　The　commitment　to　cellular　diflbrentiation　is　a　highly　con－

trolled　stochastic　process　consisting　of　successive　steps　that

require　speci丘c　signals　fbr　survival　and　simultaneous　loss　of

proli免rative　potentia1．　The　dete㎜ination　as　to　whether　cells

continue　to　prolifbrate　or　di且brentiate　appears　to　be　executed

during　the　GI　phase　of　the　cell　cycle　when　several　types　of　Gl

cyclins　and　cyclin－dependent　kinases（CDKs）1　interact　in　var－

iolls　combinations（1－7）．　The　D－type　cyclins　assemble　phmarily

with　CDK4，　whose　activity　is　detectable　at皿id－GI　and　which

increases　as　cells　approach　the　G1－S　boundary（8－10）．　Cyclin　E

associates　with　CDK2　and　induces　maximal　levels　of　kinase
activity　at　the　G1－S　transition（11－13）．　In　addition，　cyclin　A

expression　peaks　at　the　G1－S　boundary　and　accumulates　in

early　S　phase，　activating　both　CDK2　and　Cdc2（14－16）．

　＊This　work　was　supported　by　grants－in－aid　fをom　the　Ministry　of

Education，　Science，　and　Culture　of　Japan　and　f壬om　the　We臨re　fbr　a

Comprehensive　10－year　Strategy　fbr　Cancer　Control，　Japan。　The　costs

of　publication　of　this　article　were　defをayed　in　part　by　the　payment　of

page　charges．　This　article　must　therefbre　be　hereby　marked“α∂uerε‘se－

me酩”in　accordance　with　18　U．S．C．　Section　1734　solely　to　indicate　this

ぬct．

　¶To　whom　correspondence　should　be　addressed：Department　of
Oncogene　Research，　Research　Institute　fbr　Microbial　Diseases，　Osaka

University，3・1，　Yamada－oka，　Suita，　Osaka　565，　Japan．　Tel．：81－6－879－
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　1The　abbreviations　used　are：CDK，　cyclin’dependent　kinase；NGF，

nerve　growth　fhctor；GST，　glutathione　S－transfbrase；RB，　retinoblas－

toma；INK，　inhibitor　of　CDK；K【P，　CDK　inhibitory　protein．

　　Cyclin・CDK　complexes　are　believed　to　play　an　essential　role

in　the　G1．S　transition．　Constitutive　ectopic　expression　of　cyclin

Dor　E　in　norma1丘broblasts　has　been　reported　to　shorten　Gl

and　reduce　the　dependence　of　cells　on　growth血ctors（17－20）．

In　addition，　microi司ection　of　antibodies　against　cyclin　D　l　dur－

ing　GI　phase　prevents　cells　fをom　entering　S　phase（17）．　Inhibi－

tion　of　the　fhnction　of　CDK2　has　also　been　reported　to　prevent

the　entry　of　cells　into　the　S　phase（21－23）．　The　fact　that　cyclin－

CDKs　play　a　crucial　role　in　the　GI　phase　implies　that　the

regulation　of　their　fhnctions　is　also　critical　fbr　the　comlnitment

to　cell　diffbrentiation．　Indeed，　ectopic　expression　of　D－type　cy－

clins　and　CDK4　was　reported　to　inhibit　granulocyte　colony－

stimulating　f5ctor－induced　dif丘rentiation　of　murine　myeloid

cells　and　erythroleukemia　cells，　respectively（24，25）．

　　In　the　present　study，　we　investigated　the　roles　of　cyclins　and

CDK2　in　the　process　of　the　neuronal　diHbrentiation　of　PC12

cells．　In　addition，　we　examined　the　expression　of　p21，　a　nega－

tive　regulator　of　several　cyclin－CDK　complexes，　including　cy－

clin　D－CDK4，　cyclin　E－CDK2，　and　cyclin　A－CDK2（26－28）．　Rat

pheochromocytoma　PC　12　cells　have　proven　to　be　a　good　mode1

仕｝rneuronal　di艶rentiation　due　to　their　characteristic　respon－

siveness　to　NGF．　This　response　consists　of　partial　growth　ar－

rest　and　acquisition　of　phenotypic　properties　typical　of　sympa－

thetic　ganglion，　such　as　prominent　neurite　outgrowth（29）．

Herein，　we　dem皿strated　that　suppression　of　CDK2　activity　is

ac亘tical　step　in　the　NGF－induced　diffbrentiation　of　PC　12　cells．

　　　　　　　　　　　　　　EXPERIMENTAL　PROCEDURES

　　CεZI　Ljηes－PC12　cells　were　grown　on　plastic　dishes　without　collagen

coating　in　Dulbecco，　modified　Eagle’s　medium，　contaiIling　10％heat－

inactivated　horse　serum　and　5％fbtal　bovine　serum．　For　NGF　treat’

ment，　cells　were　cultured　on　collagen－coated　plastic　dishes　in　Dulbecco’

modified　Eagle’s　medium　supplemented　with　2％horse　serum　and　1％

fbtal　bovine　serum．　NGF　puH丘ed　fbm　mouse　submaxillary　glands　was

purchased　fをom　Wako　Ltd．　Cells　that　have　one　or　more　neurites　with

the　length　more　than　twice　the　diameter　ofthe　cell　body　were　defined　as
‘‘

dif輪rentiated”according　to　the　previously　described　criteria（30）．　A1－

ternatively，　cells　that　have　neurites　with　a　length　of　more　than　three

times　the　diameter　of　the　cell　body　were　de丘ned　as‘‘well　diHbrentiated．”

The　number　of　such“diffbrentiated”cells　per　500　cell8　was　counted　and

used　to　compare　the　extent　of　di丘brentiation　among　diflbrent　samples．

　　PZα8η磁sαη∂7予απ8∫εcτioη一cDNA　of　human　cyclin　A　was　subcloned

into　pMKITneo（gift　f｝om　Dr．　Maruyama，　Tokyo　Medical　and　Dental

Universtity），　and　cDNAs　of　cyclins　DI　and　E，　CDK2，　and　p21　were

subcloned　into　the　pME　18　vector．　Ali　of　these　cDNAs　are　under　the

control　of　the　SRαpromotor　and　were　used　fbr　transfbction　into　PC12

cells、　PC12　cells（6×105　cells）were　transfbcted　with　5μg　of　cDNAs

along　with（cyclin　D1，¢yclin　E，　CDK2，　and　p21）or　without（cyclin　A）0，5

μgof　the　neomycin－resistant　gene，　pSV2neo，　by　use　of　Lipofbctamine

（Lifb　Technologies，　Inc．）fbllowed　by　selection　fbr　G418（Lifb　Technolo・

gies，　Inc．）resistance（500μg！ml）．　Three　weeks　after　transfbction，50

clones　were　picked　up　fbr　each　cDNA　transfbctant　and　were　maintained

in　medium　conta三ning　100μg／m］G418．　For　each　cDNA・transfbctant，

three　clones　8howing　the　highest　expression　were　selected　by　imm皿o－

blotting　analysis　and　u8ed　fbr　f㎞rther　experiments．

　　Aη励o砺εs－Polyclonal　antibodies　again8t　cyclin　A　and　cyclin　E
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FIG・1・P・・t・in　1・v・1・・f・y・1in・へDl・・nd　E・CDK2，・nd　p21　du・ing　NGF・induced　n・u・・n・1　di鑑・enti・ti・n・f　PC12　ce11・．・，　ly、ates

were　prepared伽m　cells七hat　had　been　culture　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　din　medium　containing　20　ng／ml　of　NGF　and　harvested　at　the　indicated　times　and　were　su均ected

to　immunoblotting　analysis　to　detect　cyclins　A，　D1，　an　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　dE，　CDK2，　and　p21．　b，　histograms　were　generated　by　quantitating　the　intensity　of　the　bands

；吉＝1°濃認謂躍t蒜＝㌫雛灘c《：瓢㍑蒜畿瓢y「at’・・re’・t’・・t・th・・e・bt・’・・d・nd・y

were　obtained　fトom　Upstate　Biochemicals　Incorporated．　Polyclonal　an－

tibodies　against　cyclin　D　1，　CDK2，　and　p21were　prepared　by　immuniz’

ing　rabbits　with　synthetic　peptides　corresponding　to　the　15，12，　and　17

carboxy1－terminal　amino　acid　residues，　respectively，　of　these　proteins．

　　∫ηLη㌦ηobZom㎎αη∂∫ηzη砿π0ρrecな癖αZioη一For　immunoblo七ting，

cells　were　lysed　in　high　salt　lysis　buf允r（0．5％Nonidet　P－40，50　mM

Tris・HC1（pH　8．0），0．25　M　NaC1，5mM　EDTA，50　mM　NaF，0．5　mM

phenylmethy18ulfbnyl　fluoride，5μg／ml　aprotinin，5μg／ml　leupeptin），

The　protein　concentration　of　each　8ample　was　determined　using　the

Bio・Rad　protein　assay．50μg　of　protein　was　analyzed　on　an　SDS－

polyacrylamide　gel　electrophoresis　gel（100r　12．5％of　acrylamide　gel）

and　then　transfbrred　to　a　polyvinylidene　difluoride　membrane（Milli’

pore　Corp．）．　Following　blocking　in　skim　milk　fbr　3　h，　the　membrane　was

incubated　with　primary　antibodies　to　human　cyclin　A（1：200　dilution），

cyclin　D1（1：100），　cyclin　E（1：150），　CDK2（1：100），　or　p21（1：75），　Each

protein　was　detected　by　sequential　binding　of　a　8pecific　primary　anti－

body　fbllowed　by　alkaline　phosphatase・conjugated　secondary　antibody

（Promega，1：6000　dilution）、　For　immunocomplex　kinase　reactions，　cells

were　ly8ed　in　solubilizing　buf壬br（50　mM　Tris（pH　7．2），1％Nonidet　P－40，

0、15MNaCl，50　mMβ一glycerophosphate，5mM　di七hiothrei七〇1，1n1M
Na3VO4，0、051nM　NaF，0．1mM　phenylmethylsulfbnyl　fluoride，5μg／ml

apro七inin，5μg／ml　leupeptin）（31）．1．ysates（500μg　of　protein）were

incubated　with　anti－CDIく2　antibody（diluted　11150）fbr　l　h　fbllowed　by

an　additional　l　h　incubation　with　protein　A－Sepharose　beads　at　4°C，

For　immunoprecipita七ion　fbllowed　by　immunoblotting，　cells　were　lysed

in　Nonidet　P・401ysis　buffbr（50　mM　Tris－HCI（pH　7．4），0，15　M　NaCl，

0．5％Nonidet　P－40，50　mM　NaF，1mM　dithiothreitol，1mM　phenylmeth－

ylsulfbnyl　fluoride，5μg／ml　aprotinin，5μg／ml　leupeptin）（32）．　Lysates

（200μgof　protein）were　incubated　with　anti－CDK2　antibody　immobi－

lized　on　Sepharose　or　with　p13sびc1－Sepharose負）r　4　h　at　4°C．　The

precipitates　were　used　fbr　fhrther　imm皿oblotting　analysis　fbr　cyclin　A，

cyclin　E，　or　p21，

　　∫π防τro　1（》παsε」Reαc力oπs－Lysates　of　each　cell　line（500μg　of　pro－

tein）were　prepared　as　described　above　and　were　su切ected　to　immuno－

precipitation　with　anti－CDK2　antibody　diluted　1；150　in　a　total　volume

of　300μ1、　A　bacterially　expressed　fをagment　of　the　RB　protein（amino

acids　385－928）fUsed　to　glutathione　S－transfbrase　was　purified　by　a仁

丘nity　chromatography　on　glutathione－Sepharose　and　was　used　as　a

substrate（0．5μg　ofprotein）in　50μl　ofkinase　reaction　buf琵r　containing

50mM　Tris－HCI（pH　7．2），10　mM　MgCl2，1mM　dithiothreito1，20　mM
［γ一32P］ATP（5μCi；1μCi＝37　kBq）（31），　A仕er　incubation　fbr　10　min　at

25°C，the　sample　was　analyzed　by　SDS－polyacrylamide　gel　electro－

phoresis　fbllowed　by　autoradiography．

　　D仇s友oητeτr‘cAηα1ys‘s－Densitometric　quantification　ofthe　data　ob－

tained　by　immunoblo七ting　analysis（nitrocellulose　filters）and仇ひ琵ro

kinase　assay（x－ray　films）was　done　with　a　Dual　wavelength　flying　spot

8canner（Shimadzu　Ltd．）．　Since　more　than　one　band　was　detected　in

immunoblotting　analysis　of　cyclin　E　and　CDK2，　the　most　slowly　migrat－

ing　band　was　subjected　to　quantification．

RESULTS

＆Pressi・n・f翫d・geπ・μs　Cyc伽s，　CDK2，顕d　p2ヱdμれ9

D‘舵re功αzjoηげPC12　CeZJs－PC　12　cells　were　cultured　in　me．

dium　supplemented　with　2％horse　serum，1％fbtal　bovine
serum，　and　20　ng／ml　NGF丘）r　10　days．　At　days　O，1，3，7，　and　10，
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　　FIG．2．　Forced　expression　of　ectopic　cyclins　A，　D1，　and　E，

CDK2，　a皿d　p21　in　PC12　cells．　Representative　clones　and　control

clones（parental　and　vector－introduced　cell　lines）were　lysed　as　de－

scribed　under“Experimental　Procedures．”Lysates（50μg　of　protein）
were　su句ected　to　imm皿oblotting　analysis　to　detect　cyclins　A，　D1，　and

E，CDK2，　and　p21．　The　positions　of　three　dif丘rent　fbrms　of　endogenous

rat　cyclin　E　are　indicated　byαrroωんeα∂s．　Ectopically　expressed　human

cyclins，　CDK2，　and　p21　are　indicated　byαrroωs．

cells　were　lysed，　and　the　expression　of　cyclins　A，　D1，　and　E，

CDK2，　and　p21　was　evaluated　by　immunoblotting　analysis

using　specific　antibodies．　As　shown　in　Fig．1，　expression　of

cyclin　A　was　dramatically　suppressed　to　an　undetectable　level

after　day　5．　The　expression　of　CDK2　showed　a　gradual　but

significant　decrease　to　21％of　the　initial　level　after　NGF　treat－

ment　fbr　7　days．　In　contrast，　the　expression　ofcyclins　D　I　and　E

increased　gradually，　reaching　4－and　6－fbld　higher　levels，　re－

spectively，　through　the　10　days　of　observation．　The　level　of　p21

remained　unchanged　fbr　at　least　3　days　and　increased　to　1．6－

fbld　thereafter．

1耐od砿L・πof仇e　cDNAs翫co蹴g　Hμ肌απCyc砺s，　CDK2，
α1τ∂ρ21－To　evaluate　the　significance　of　the　changes　in　the

expression　ofcyclins，　CDK2，　and　p21described　above，　we　asked

whether　fbrced　expression　of　these　molecules　alters　the　sensi－

tivity　of　PC12　cells　to　NGF－induced　neuronal　diffbrentiation．

Expression　constructs　containing　the　cDNAs　of　the　human

cyclins　A，　D1，　and　E　as　well　as　CDK2　and　p21were　transfbcted

separately　into　PC　12　cells，　and　clonally　derived　cell　lines　were

established．　Immunoblotting　analysis　of　the　cloned　cell　lines

showed　that　the　bands　corresponding　to　the　ectopically　overex－

pressed　gene　products　of　cyclins　A　and　D，　CDK2，　and　p21were

almost　identical　in　size　to　the　endogenous　gene　products（Fig．

2）．The　levels　ofthe　overexpressed　proteins　were　approximately

5－，5．5－，12－，and　20－K）ld　higher，　respectively，　than　that　of　the

endogenous　proteins．　As　reported　previously　with　Rat－1　cells

（19，20，33），ectopically　expressed　human　cyclin　E　could　be

detected　as　a　protein　of　50　kDa，　while　the　endogenous　rat　cyclin

Ewas　detected　as　three　more　slowly　migrating　bands（Fig．2），

consistent　with　the　fact　that　the　human　and　rat　cyclin　E　genes

encode　proteins　of　395　and　491　amino　acids，　respectively（11，

34）．The　level　of　the　exogenous　50－kDa　cyclin　E　was　3－fbld

higher　than　that　of　the　endogenous　55－kDa　cyclin　E．　The　50－

kDa　human　cyclin　E　species　has　been　shown　to　be　competent　to

regulate　cell　cycle　progression　as　well　as　CDK2　kinase　activity

（19，20）．
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　　FIG．3．　Growth　rates　of　cell　lines．　Growth　rates　of　parental　PC12

cells　and　de亘vative　clones　expressing　cyclins　A，　D1，　and　E，　CDK2，　and

p21　are　shown　in　the　absence（α）or　presence（6）of　NGF（20　ng／ml）．　For

CDK2－expressing　cell　lines，　only　the　growth　curve　of　the　representative

clone　K7　is　shown　because　all　3　CDK2－overexpressing　cells　revealed

quite　similar　growth　rates．　Cell　numbers　represent　the　mean　values　of

triplicate　experiments，

E汀ects　of　NGF　S玩M砿α就oη．　on仇e　Groωt｝L　of　PC12　Ce乙ls一

NGF－induced　diffbrentiation　of　PC12　cells　is　known　to　be　ac－

companied　by　a　reduction　in　the　growth　rate（29）．　Thus，　the

ef丘cts　of　overexpressing　cyclins　A，　D，　and　E，　CDK2，　and　p210n

the　growth　ofPC12　cells　were　examined　by　culturing　these　cell

lines　in　medium　supplemented　with　10％horse　serum　and　5％

飴tal　bovine　serum，　in　the　absence　or　presence　of　NGF（20

ng／ml）．　In　the　absence　of　NGF，　all　of　the　cell　lines　exhibited

s｛milar　growth　rates（Fig．3α）．　After　3　days　of　culture　in　the

presence　of　NGF，　the　growth　of　cell　lines　overexpressing　cyclin

A（clone　A26），　cyclin　D　1（clone　D3），　cyclin　E（clone　E4），　and　p21

（clone　P7）as　well　as　the　parental　and　vector－transfbcted　cells

declined　significantly．　However，　in　striking　contrast　to　these

cells，　cell　lines　overexpressing　CDK2（clones　K7，　K15，　and　K20）

did　not　show　a　significant　reduction　in　cell　growth　fbr　at　least

5days（Fig．3ろ）．

Morp九〇log己cαI　C九απges　Assoc減edぴ軌NGF一れ伽ced　D↓∫売r一

eη力α〃o〃o∫PC12　Ce膓ls－All　ofthe　established　cell　lines　showed

morphologies　very　similar　to　the　parental　PC　12　cells　in　the

absence　of　NGF；cells　were　round　or　polygonal　in　shape　and

were　loosely　adherent　on　the　dish（Fig．4α）．　When　the　parental

cells　and　vector－transfbcted　cells　were　stimulated　with　NGF
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ハ

approximately　40％of　the　cells　displayed　prominent　neurite

outgrowth　at　day　1（Fig．46）．　Cyclin　A－，　D，　and　E－expressing

cells　began　to　show　neurites　fをom　day　3（Fig．4c）．　By　contrast，

all　of　the　three　independent　CDK2－expressing　cell　lines　did　not

show　significant　neurite　outgrowth　through　the　7　days　of　ob－

servation（Fig．4dり．　The　neurites　developed　in　cyclin　A－，　D－，　and

E－expressing　cells　at　day　3　were　still　shorter　than　those　in

parental　cells　and　vector－transfbcted　cells　at　day　1．　For　exam－

ple，　neurite　outgrowth　was　observed　in　34％of　cyclin　A－express－

ing　cells　at　day　3（Fig．4ε）．　Furthermore，　only　12％of　cyclin
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　　FIG，4，　Morphological　changes　in　cell　lines．　Morphological　changes　in　PC　12　cells　and　derivative　clones　in　the　absence（α）or　presence（b，　c，

d）of　NGF（20　ng／ml）are　shown，　Since　the　changes　in　morphology　of　the　cell　lines　overexpressing　cyclins　A，　D　1，　and　E　and　p21were　quite　similar，

only　representative　photomicrographs　of　cyclin　A－expressing　cells　are　shown．　For　CDK2－expressing　cell　Iines，　only　the　photographs　of　clone　K7　are

8hown　because　all　3　CDK2－overexpressing　clones　exhibited　similar　morphological　fbatures．　e，τ；500　cells伽m　the　parenta1，　vector－transfbcted，　and

cyclin　A－overexpressing　cell　cultures　were　counted　at　the　indicated　times，　and　the　number　of　cells　having　neurites　with　length　more　than　twice（e），

or　3　times（／）the　diameter　of　the　cell　body　were　calculated　as　a　percentage　of　cells　counted．　Since　the　data　obtained　with　cell　Iines　overexpressing

cyclins　A，　D1，　and　E　and　p21　were　quite　similar，　only　the　data　obtained　with　cyclin　A－expressing　cells　are　shown．

A・expressing　cells　developed　neurites　having　a　length　more

than　3　times　the　diameter　of　the　cell　body，　which　we　de6ned　as
“well　diffbrentiated”（Fig．4／）．　By　contrast，　parental　cells　and

vector－tran8fbcted　cells　developed　neurites　in　about　60％ofthe

entire　population　at　day　3，　and　40％were　well　diflbrentiated

（Fig．4，　e　and∫）．

　　Cんαπges　lπCD1ζ2、臼παse　Ac鋤砂一We　next　examined　the

changes　in　CDK2　kinase　activity　fbllowing　immunoprecipita一

tion　fヤom　the　lysates　of　the　cell　lines　during　NGF－induced

dif論rentiation．　CDK2　immunoprecipitates　were　assayed　fbr

their　ability　to　phosphorylate　a　fragment　of　bacterially　pro－

duced　pRB　in　the　presence　of［γ一32P］ATP．　As　shown　in　Fig．5，　a

rapid　decline　in　kinase　activity　to　about　55％of　starting　levels

at　day　l　and　to　2％at　day　3　was　detected　in　parental　cells　and

avector－transfbcted　cell　line（clone　neo5）．　In　ceU　lines　overex－

pressing　cyclins　A，　D1，　and　E　and　p21，　an　apparent　decrease　in
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　　FIG，5，　Kinase　activities　associated

with　CDK2．α，　CDK2－associated　kinase
activity　in　parental　PC　12　cells　and　de－

rived　cell　lines　expressing　cyclins　A，　D1，

and　E，　CDK2，　and　p21　during　NGF　treat－

ment（20　ng／ml）are　shown．　Lysates　pre－

pared　at　the　indicated　times　were　immu－

noprecipitated　with　anti－CDK2　antibody．

The　immunocomplex　was　assayed　K）r　ki－

nase　activity　using　GST－RB　f㎞sion　pro－

tein　as　a　subs七rate．　Since　the　changes　in

kinase　activity　of　the　cell　lines　overex－

pressing　cyclins　A，　D1，　and　E　and　p21

were　quite　similar，　only　the　results　of　a

representative　cyclin　A－expressing　cell
line　are　shown．ろ，　The　histograms　were

generated　by　quantitating　the　intensity　of

radioactive　signals　on　the　x－ray丘lms　in

panelαwith　a　dual　wavelength　flying
spot　scanner．　All　values　are　indicated　by

ratios　relative　to　those　obtained　on　day　O．
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the　activity　of　CDK2　to　75％and　15％of　the　initial　levels　was

detected　at　day　3　and　day　7，　respectively（Fig．5b；only　the　data

obtained　with　cyclin　A－expressing　cells　are　shown）．　However，

CDK2　kinase　activity　in　all　of　the　cell　lines　overexpressing

CDK2（clones　K7，　K15，　K20）remained　high　throughou七七he　10

days　of　observation．

1ητmμηoblo仇πg　Aπαlysis　or　CDK一αssoc↓αted　Cycl仇A，　Cy一

c膓仇E，απ（Ip21－To　evaluate　the　levels　of　cyclin　A，　cyclin　E，

and　p21　associated　with　CDK，　we　su句ected　p13sμcl　precipi－

tates　and　CDK2　immunoprecipitates　prepared伽m　NGF－
stimulated　cells　to　immunoblotting　analysis　using　antibodies

against　cyclins　A　and　E　and　p21，　respectively．　As　shown　in

Fig．6，　the　amount　of　cyclin　A　associated　with　CDK　that
bound　to　p138昆c1－Sepharose　decreased　after　day　3，　in　parallel

with　the　previously　observed　levels　of　cyclin　A　expression

（Fig．1）．　However，　the　levels　of　CDK－associated　cyclin　E　grad－

ually　decreased　to　60％．　ofthe　initial　level　at　day　7，　despite　the

伍ct　that　the　level　of　cyclin　E　expression　gradually　increased

during　the　time　course（Fig．6；compare　to　Fig．1），　The　level　of

p21　associated　with　CDK2　was　minimally　af艶cted　by　the

presence　of　NGF．

DISCUSSION

　　In　the　present　study，　we　examined　alterations　in　the　expres－

sion　Ievels　of　cyclins，　CDK2，　and　p21　during　the　NGF－induced

neuronal　diffbrentiation　of　PC12　cells．　Furthermore，　we　exam－

ined　the　ef丘cts　of　overexpression　of　these　cell　cycle　regulators

on　the　dif艶rentiation　of　PC12　cells．　The　results　obtained仕om

these　experiments　suggest　that　CDK2　is　a　key　regulator　of

neuronal　diflbrentiation．　The　activity　of　CDK2　dramatically

decreased　fbllowing　the　addi七ion　ofNGF，　and　constitutive　over－

expression　of　CDK2，　but　not　of　any　cyclins　tested，　significantly

blocked　dif丘rentiation　of　PC12　cells．　Ectopically　expressed

CDK2　probably　exerted　its　e艶ct　by　fbrmillg　complexes　with

endogenous　cyclins　E　and　A　and　possibly　with　cyclins　D2　and

D3，　i．e．　those　cyclins　whose　expression　may　be　high　enough　to

interact　with　CDK2（2，8，32，35），　On　the　other　hand，　overex－

pression　of　cyclins　A，　D　1，　and　E　had　a　weaker　effbct．　These

丘ndings　are　dif艶rent丘om　those　previously　reported　using

myeloid　and　erythroleukemia　cell　lines．　Ectopic　overexpression

of　cyclins　D2　and　D3　was　reported　to　have　inhibited　granulo－

cyte　colony－stimulating　fhctor－induced　dif筍rentiation　of　mu－

rine　myeloid　cells．　The　mechanism　of　these　results　was　attrib一



23036 1nんib競oπoブNeμro〃αI　Di情renれαれoπby　CDK2

　　FIG．6．　Levels　of　CDK－associated　cy・

clinへcyclin　E，　and　p21　during　dif
fbrentiation．α，　lysates　prepared　仕om
PC　12　cells　treated　with　NGF　fbr　the　indi－

cated　time　periods　were　precipitated　with

p13s’」c7（fbr　cyclin　A　and　cychn　E）or　im・

munoprecipitated　with　anti－CDK2　anti－
body（fbr　p21）．　The　immunocomp】ex　was

subjected　to　immunoblotting　analysis
with　antibodies　against　cycli皿A，　cyclin　E，

and　p21．　b，　the　histograms　were　gener－

ated　by　quantitating　the　intensity　of　the

bands　on　nitrocellulose　filters　inραηeZα

with　a　dual　wavelength　nying　spot　scan－

ner，　All　values　are　indicated　by　ratios

relative　to　those　obtained　on　day　O．　In

the　case　of　cyclm　E，　the　most　slowly

migrating　bands　were　su切ected　to
quantification．
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uted　to　the　interaction　of　ectopically　expressed　cyclin　D20r　D3

with　CDK2，　which　was　persistently　expressed　in　that　cell　hne

（24）．KiyokawaεごαZ．（25）determined　that　the　suppression　of

CDK4　expression　is　a　critical　event　in　the　pathway　of　terminal

di仔brentiation　of　the　erythroleukemia　cell　line　MEL．　In　addi－

tion，　Jahn　e’αZ．（36）reported　that　CDK2　activity　does　not

change　during　di脆rentiation　of　the　mouse　skeletal　myogenic

cell　line　C2C12．　These　dif琵rences　may　be　due　to　cell　type－

speci丘c　molecular　mechanisms　of　cell　cycle　modulation　and

dif丘rentiation．

　　Although　the　levels　of　CDK2　and　cyclin　A　were　fbund　to　be

suppressed　du亘ng　NGF－induced　dif偽rentiation，　neurite　out－

growth　apparently　preceded　this　decrease．　Hence，　suppression

of　the　expression　levels　of　CDK20r　cyclin　A　may　not　be　of

primary　importance　in　the　induction　of　di脆rentiation．

　　In　contrast　to　CDK2　and　cyclin　A，　the　levels　ofcyclins　DI　and

Ewere　fbund　to　increase　gradually　du亘ng　dif丘rentiation　of

PC12　cells．　Although　overexpression　of　GI　cyclins　has　been

reported　to　accelerate　GI　phase　in　several　cultured　cell　lines

（17－20），the　increase　in　cyclin　D　l　and　E　expression　observed　at

the　later　stages　of　diffbrentiation　of　PC12　cells　may　not　be

involved　in　the　acceleration　of　the　G　1／S　transition；indeed，　our

experiments　using　p13xど’d　precipitates　showed　a　gradual　de－

crease　in　the　amount　of　cyclin　E　associated　with　CDK．　Similar

up－regulation　of　cychns　has　been　reported　to　occur　during　the

diffbrentiation　of　various　cell　lineages．　For　example，　the　ex－

pression　of　cyclin　Dlhas　been　reported　to　increase　in　neurons

at　the　onset　of　rat　brain　maturation　as　well　as　during　dif花r－

entiation　of　PC　12　h　cells（37，38）．　Du1うng　12－0－tetradecanoyl－

phorbol－13－acetate－induced　dif丘rentiation　ofhuman　promyelo’

cytic　leukemia　HL60　cells　into　macrophage－like　cells、　cychn　D　l

expression　is　also　up－regulated，　although　its　expression　is

down－regulated　in　Me2SO－induced　granulocytic　cells（39）．　The

expression　of　cyclin　D3　is　also　known　to　increase　during　dif偽r－

entiation　of　mouse　erythroleukemia　MEL　cells（25）and　rat
myoblast　L6　cells（40）．　In　the　latter　case，　the　kinase　activity　of

the　cyclin　D3　complex，　which　presumably　includes　CDK2　and

CDK4，　has　been　shown　to　be　markedly　suppressed　in　the　dif二

允rentiated　myotubes．　A　similar　phenomenon　was　also　ob－

served　in　senescent　human　diploid　fibroblasts（41）．　Cyclin　E－

associated　CDK2　activity　is　very　low　in　senescent　cells，

although　the　amounts　of　cyclins　D　I　and　E　are　10－15－fbld

higher　than　observed　in　quiescent　early　passage　cells．　Taken

together，　these　findings　raise　the　possibility　that　GI　cyclins
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may　play　some　roles　other　than　Gl1S　acceleration　during　cel－

lular　diflbrentiation．　For　example，　it　has　been　observed　that

the　GI　cyclins　can飴㎝complexes　with　pRB　or　p　107，　although

the　significance　of　these　complexes　is　still　unclear（2，42－44）．

　　Since　the　changes　in　the　expression　levels　of　CDK2　and

cyclin　E　do　not　seem　to　be　of　primary　importance　ill　the　down－

regulation　of　CDI（2　activity　du㎡ng　dif丘rentiation　of　PC12

cells，　an　alternative　mechanism　may　involve　CDK　inhibitor

proteins（6，7）．　However，　expression　of　p21was　not　significantly

changed　during　di丘brentia七ion　of　PC　12　cells．　Furthermore，

overexpression　of　p21　neither　induced　di鑑〕rentiation　nor

growth　retardation．　Consistent　with　these　results，　no　signifi－

cant　suppression　of　CDK2　kinase　activity　was　observed　in

p21－overexpressing　cell8．　One　possible　reason　may　be　that　the

levels　of　ectopically　expressed　p21　in　these　established　cell

lines　was　not　high　enough　to　block　the　f㎞nction　of　CDK2，

although　there　was　an　approximately　20－fbld　increase　in　p21

1evel　as　compared　with　the　parental　cells．　Presumably，　cell

lines　overexpressing　p21　at　higher　levels　were　not　established

due　to　its　cell　prolifもration－inhibitory　activity．　In　addition　to

p21，　a　growing　number　of　CDK　inhibitors，　such　as　p　161NK4，

P151NK4B，　P27KIPI　and　p57KIP2，　have　recently　been　reported（6，

7，45，46）．Interestingly，　the　TGF一β一mediated　cell　cycle　block

has　been　shown　to　involve　p151NK4B　and　p27KIP1（6，7，47）．

Additionally，　it　has　been　reported　that　a　protein，　SNT，　that

appears　as　a　doublet　of　78－90　kDa　in　SDS－polyacrylamide　gel

electrophoresis　gels　and　which　coprecipitates　with　p　13sμc1－aga－

rose　is　rapidly　phosphoηlated　on　t抑osine　in　neurons　and　PC12

cells　treated　with　dif丘rentiation　fごctors　but　not　in　those

treated　with　mitogens（48）．　Since　p　13sμcl　associates　with　cy－

clin－CDK，　this五nding　raises　the　possibility　tha七SNT　may　link

the　diflbrentiation　signal　mediated　by　receptor　tyrosine　ki－

nases　to　the　cell　cycle　regulator　CDKs；」．e．　SNT　may　act　as　a

negative　regulator　of　CDKs．　Thus，　the　contribution　of　CDK

inhibitors　as　well　as　of　SNT　to　the　NGF－induced　inhibition　of

CDK2　activity　remains　to　be　elucidated　in　fUture　studies．

　　Cyclin－CDK　is　believed　to　phosphorylate　cellular　proteins

important　fbr　cell　cycle　regulation（6，7）．　One　of　the　main

targets　of　cycli吐CDK　is　pRB，　which　negatively　regulates　cell

cycle　progression　through　the　GI　phase（31，43）．　pRB　also　plays

acrucial　role　in　early　neuronal　and　hematopoietic　development

as　demonstrated　by　the　analysis　of　mice　carrying　a　targeted

mutation　in　the　RB　gene（49－51）．　The　amount　of　underphos－

phorylated　pRB，which　is　believed　to　be　the　active　fbrm　ofpRB，

is　increased　by　extracellular　signals，　which　induce　cell　cycle

arrest　and　diffbren七iation（52，53）．　The　results　obtained　in　this

study　suggest　that　the　NGF－induced　reduction　in　CDK2　activ－

ity　may　be　responsible　fbr　the　accumulation　of　the　underphos－

phorylated　fbrm　of　pRB　during　diflbrentiation　of　PC12　cells．

Accordingly，　constitutive　overexpression　of　CDK2　may　block

diflbrentiation　by　driving　the　phosphorylation　of　pRB．　Consist－

ent　with　this　notion，　ectopic　overexpression　of　adenovirus　E　IA，

which　associates　wi七h　and　inactivates　pRB　as　well　as　p　107，　has

been　demonstrated　to　inhibit　NGF－induced　neuronal　dif丘ren－

tiation　of　PC12　cells（54－56）．　Further　detailed　analysis　of　the

丘mction　of　pRB，　as　well　as　the　iden七ification　of　other　CDK2

substrates，　may　prove　important　fbr　our　understanding　of　the

precise　mechanism　by　which　PC12　cells　diffbrentiate．

　AcムoωZα塘η励Z8－We七hank　Drs．　M．　Sa亘o，　Y．　Taya，　and　K
Maruyama　fbr　providing　GST・RB　expres8ion　plasmid　and　pMKITneo，
respectively．　We　appreciate　the　technical　assistance　of　A．　Tokuoka．
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Mutations　in　the　APC　gene　are　Unked　to　the
development　of　spomdic　colorectal　tumors　as　weU　as　to

famiぬI　adenomatous　polyposis．　Recently，　the　APC
pmtein　was　reported　to　associate　with　catenins，　pmteins

that　bind　to　the　ce皿a曲esion　molecule　E－cadherin．　In　the

present　study，　we　examined　the　distribution　and
localization　of　the　APC　protein　andα一catenin　in　the

normal　mouse　intestine　by

micmscopy　using　speci6c　antibodies
was　l㎞皿d　to　be　locanze《1　in

Ught　and　immunoelectmn
　　　　　　．The　APC　protein

micmv田i　and　in　the　apica1

and　lateral　cytoplasm　of　the　epitheUal　cells，　whereasα一

catenin　was　detected　only　in　the　lateml　cytoPlasm．

Double・1abeling　immunoelectmn　micmscopy　showed
colocaUza60n　of　the　APC　protein　withα一catenin　in　the

lateral　cytoplasm，　especiaUy　along　the　lateral　plasma

membrane，　although　a　certain　portion　of　the　APC
pmtein　in　this　region　was　distributed　independently　of

α一catenin．　These　results　suggest　that　a　portion　of　the

APC　pmtein　locaUzed　in　the　lateral　cytoplasm　of
intes6nal　epitheHal　cells　f、1nc60ns　in　coopem60n　with

catenms，　whereas　the　APC　pmtein　in　micmv飢li　and　in

the　apical　cytoplasm　has　other血nctions　independent　of

catenins．

Keywor《ls：tumor　suppressor　gene；APC；FAP；catenin；

COIOreCtal　tUmOr

associated

Gardner’s
bony　tumors，

polyps　in
Richards，

mutatlons
（Min，　K）r

reported

with　extracolonic　disorders；R）r　example

syndrome　includes　benign　soft　tissue　and
　　dental　abnormalities，　desmoid　tumor　and

the　upper　gastrointestine（Gardner　and
l953）．　Additionally，　mice　with　germline

　　　　　　　　to　manifbst

FAP（Moserθτα1．，1990

of　the　murine　homolog　of　the

multiple　intestinal　neoplasia）

　　　　　　　　　a　phenotype

　　　　　　　　　　　；Sueτα1．，1992）．

similar　to

IntrodUC血on

Mutations　in　the　adenomatous　polyposis　coli（APC）

gene　contribute　to　the　progression　　of　colorectal

tumorigenesis．　Germline　mutations　in　APC　result　in

an　autosomal　dominantly　inherited　disease　called
丘milial　adenomatous　polyposis　（FAP），　which　is
characterized　by　the　development　of　multiple　color－

ectal　adenomatous　polyps　that　are　prone　to　develop

carcinomas　later．　Somatic　mutations　are　linked　to　the

development　of　sporadic　colorectal　tumors　including

small　benign　adenoma（Groden訂α1．，1991；Nishisho
θ’α1．，1991；Miyoshiθ’α1．，1992a，b；Powellθ’α1．，1992，

Vogelstein　and　Kinzler，1993）．　APC　mutations　are　also

APC　gene
have　been
　　　that　of

　　The　APC　gene　is　localized　to　the　human　chromosome

5q21－22（Herreraθ’α1．，1986；Bodmerθτα1．，1987；

Leppertθτα1．，1987），　collsists　of　16　exons，　one　non－

coding　and　l　5　coding（Grodenθ’α1．，1991），　and　is

expressed　in　all　tissues　that　have　been　tested．　The　product

of　the　APC　gene　is　a　300　kDa　protein　composed　of　2843

amino　acids（Groden¢τα1．，1991；Kinzler　eτα1．，1991；

Smith¢τα1，，1993）．　Both　germline　and　somatic　mutations

are　almost　all　either　nonsense　or　frame－shift　mutations

that　result　in　a　COOH－te㎜inal　truncation　of　the　APC

gene　product（Grodenθτα1．，1991；Nishisho　eτα1．，1991；

Miyoshi　e’α1．，1992a，b；Powellθτα1．，1992；Suθτα1．，

1993a）．　Cell　fractionation　experiments　and　immunohis－

tochemical　analyses　suggested　that　APC　is　present　as

insoluble　aggregates　in　the　cytoplasm（Smith　eτα1．，

1993）．Furthermore，　it　has　recently　been　reported　that

the　APC　protein　is　associated　with　the　cell　adhesion

molecule　E－cadherin－associated　proteinsα一，β一，　andγ一

catenin，　suggesting　that　APC　is　involved　in　cell　adhesion

（Nagafuchi　e藺1，，1991；Takeichi，1991；Shimoyama　e’

α1．，1992；Oda　eτα1．，1993；Rubinfbldθτα1．，1993；Suθ’

α1．，1993b；Shibataθτα1．，1994）．　However，　little　has　been

investigated　regarding　the　distribution　and　localization

of　the　APC　protein　and　catenins　in　no㎜al　tissues．　Thus，

in　the　present　study，　we　have　developed　polyclonal

antibodies　to　human　APC　and　examined　the　subcellular

localization　of　the　APC　protein　by　immunohistochem－

ical　and　immunoelectron　microscopic　analysis．　Further－

more，　double－labeling　immunoelectron　microscopy　was

perfo㎜ed　to　see　whether　the　APC　protein　andα一catenin

are　colocalized　at　the　subcellular　level　in　normal
intestinal　epithelial　cells．

Results
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To　study　the　subcellular　localization　of

protein，　we　generated　anti－humall　APC
the　APC
polyclonal
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antibodies，　anti－APCC－ter，　by　immunizing　rabbits

with　a　synthetic　peptide　corresponding　to　the　COOH－

terminal　l4　amino　acids　of　APC．　The　antibodies　were

afnnity　purified　and　were　tested　for　their　ability　to

immunoprecipitate　the　APC　protein　from　the　human
osteosarcoma　cell　line　HOS．　HOS　cells　were　metabo－

lically　labeled　with［35S］methionine，　lysed　and　su切ected

to　immunoprecipitation　with　the　anti－APC－C－ter
antibodies．　Similar　to　the　result　of　Smith　ετα1．

（1993），anti－APC－C－ter　immunoprecipitated　a　large

amount　of　the　300　kDa　APC　protein　from　HOS　cells

and　immunoprecipitation　was　blocked　by　preincubat－
ing　the　antibodies　with　the　antigenic　peptide（Figure　l）．

From　mouse　cerebellum　lysate，　the　anti－APC－C－ter

antibodies　also　immunoprecipitated　the　300　kDa　APC

protein，　which　was　detectable　by　subsequent　Western

blotting　analysis．　As　reported　previously（Rubinfbld百

α1．，1993；Suθα1．，1993b），α一andβ一catenin　were

detected　in　the　immunoprecipitates　prepared　withanti－

APC－C－ter　antibodies（data　not　shown）．　These　results

suggest　that　anti－APCC－ter　antibodies　recognize　the

APC　protein．

IMmμno姐sωdle加cα1αnαlysis　qf　the　A　

PC　pγ碗ein

To　define　the　distribution　and　localization　of　the　APC

protein　in　the　intestine，　irnmunohistochemical　studies

were　performed　on　frozen　sections　of　normal　mouse
duodenum，　proximal　and　distal　colons　using　anti－APC－

C＿ter　antibodies．

　　Epithelia　of　the　duodenum，　proximal　and　distal

colons　were　immunoreactive　with　anti－APC－C－ter
antibodies　（Figure　2a－f）．　In　each　of　these　three

regions　of　intestine，　the　staining　intensity　was　uneven

throughout　the　epithelium　and　varied　depending　on　the

level　of　intestinal　villus　and　crypt．　In　the　duodenum

sample，　APC　immunoHuorescence　was　strongest　at　the

top　of　the　villus　and　became勉inter　toward　the　crypt

peptide
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Figure　l　Detection　of　the　APC　protein　by　lmmunopreclpltatlon

and　Westerll　blotting　analysis　using　anti－APC　polyclonal
antibodies．（a）HOS　cells　were　labeled　with［35S］methionine　for

4h，　The　APC　protein　was　immunoprecipitated　with　anti－APC－C－

ter　a飢ibodies　or　those　preabsorbed　with　an　excess　of　peptide

antigen．　The　immunoprecipitとltes　were　analysed　by　SDSIPAGE

gel　electrophoresis　followed　by　autoradiography．（b）Normal

mouse　cerebellum　lysate　immunoprecipitated　with　anti－APC－C－ter

antibodies　were　separated　by　SDSIPAGE　gel　and　transferred　to　a

nylon　membrane．　The　APC　protein　was　detected　with　alltトAPC

C－tel’antibodies．　The　APC　protein　is　indicated　by　all　arrowhead

where　only　weak　immunoreactivity　was　detected
（Figure　2a）．　In　the　proximal　and　distとll　colons，　the

APC　protein　was　most　abundantly　expressed　in　the
surface　epithelial　cells．　In　crypts，　the　staining　of　the

APC　protein　was　higher　in　the　upper　portions　and
decreased　toward　the　basal　portions（Figure　2b　and　c）．

　　In　the　epithelial　cells　of　the　duodenal　villi，　immuno－

reactivity　toward　the　APC　protem　was　promlnent　at
both　the　apical　and　lateral　cell　borders，　whereas　stalnlng

was　faint　in　the　inner　cytoplasm　and　negative　in　the

nucleus　and　basal　cell　borders（Figure　2d）．　A　similar

immunostaining　pattern　was　detected　in　the　surface

epithelial　cells　of　the　proximal　colon（Figure　2e）．　In

distal　colon　epithelial　cells，　the　lateral　cell　borders

showed　the　most　marked　immunoreactivity，　while　the

apical　cell　borders　were　less　intensely　immunostained

（Figure　2f）．　In　a　certain　number　of　the　distal　colon

epithelial　cells，　the　basal　cytoplasm　exhibited　a　more

intense　staining　than　the　apical　ones．　Mucus　in　goblet

cells　was　negative　for　immunoreactivity．　Se1卜fluores－

cence　of　mast　cells　ln　connectlve　tlssue　under　the

epithelium　was　detected　in　both　experimental　and
control　sections．　No　immunoreactivity　was　detected　in

controls　sections（data　not　shown）．

　　We　next　examined　expression　of　APC　in　intestinal

neoplasia　in　the　Min　mice　that　carry　a　nonsense
mutation　at　nucleotide　25490f　the　murine　homolog　of

the　APC　gene（Moserθα1．，1990；Suεrα1．，1992）．
While　anti－APC－C－ter　antibodies　detected　expression　of

APC　in　the　normal　epithelial　cells，　no　immunoreactiv－

ity　was　detected　in　the　adenomas　and　adenocarcinornas

developed　in　the　intestinal　tract（Figure　3）．

1η棚μnol掘oclleη1icα1αnαly∫i∫q∫ぽ一Cαte油7

Immunohistochemical　localization　ofα一catenin　in　the

duodenum，　proximal　and　distal　colons　of　normal　mice

were　examined　using　monocbnal　rat　anti－mouseα一
catenin　antibody．　The　immunoHuorescence　correspond－

ing　toα一catenin　was　present　only　at　the　lateral　cell

borders　of　the　epithelial　cells　in　duodenum，　proximal

and　distal　colons　（Figure　2g－i）　and　the　staining

intensity　was　even　along　the　entire　length　of　each

immunoHuorescent　line．　In　contrast　to　APC，　staining

ofα一catenin　was　not　detected　in　the　apical　and　basal

cell　borders．　The　cytoplasm　was　slightly　lmmunopos1－

tive，　whereas　the　nucleus　exhibited　no　immungりeactiv－

ity．　Interestingly，　similar　to　the　expression　pattern

observed　for　APC，　the　immunostaining　ofα一catenin
was　prominent　at　the　top　of　the　villus　in　the　duodenum

and　in　the　surface　epithelium　of　proximal　and　distal

colons，　but　was　weak　in　the　base　of　the　villus　and

crypts・

　　These　results　suggest　that　the　APC　protein　is

associated　with　α一catenin　near　the　lateral　plasma

membrane，　but　is　not　associated　withα一catenin　in　the

apical　region．

ImmL｛noeledro川nicrOscOpy（ゴ’仇e　A　

PCμ’oteiHn‘｛

（x－cαごeη王η

To　further　clarify　the　intracellular　localization　of　the

APC　protein　in　normal　mouse　intestinal　epithellal　cells，

we　performed　electron　microscopic　post－embedding
immunocytochemistry　using　Lowicryl　thin　sections，
anti－APC－C－ter　antibodies　and　colloidal　gold－conju一
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Figure　2　1mmunohistochemical　locali7ation　of　the　APC　protein　alldα一catenin　ln　mouse　duodenun1，　proxlmal　and　d▲stal　colons．

Fro7en　sections　of　duodcnum（a，　d　and　g）．　proximal（b，　e　and　h）and　dlstal（c，　f　and　i）co［ons　wel－c　stailled　with　allti－APC－C－ter

antibodies（a－f）or　allti一α一catenin　antibody（g－i），　The　cxpression　ol’the　APC　pro亡eill　was　promlnent　at　the　top　of　a　villus（a）and　ill

the　surface　epitheliu1〕〕（b　and　c）and　decrcased　gradually　toward　the　base　of　villus　and　crypt（a－c）．　The　APC　proteill　was　localized

mainly　at　the　apical　and　lateral　cell　borders　of　the　epithelial　ce11s（d－1）．　The　locallzation　of儒一catenin　was　confined　to　the　lateral　cell

borders（g－i）（Bar；10μm　fbr　a－c　and　5μm　for　d－i）

gated　second　antibody．　A　number　of　10　nm　gold
particles　which　represcm　the　localization　of　the　APC

proteln　were　seen　ln　microvilli，　in　the　apical　cytoplasm，

and　in　the　cytoplasm　along　the　［ateral　piasma
membrane　（Figure　4）．　A　飴w　gold　particles　wcre
scattered　throughout　the　inner　cytoplasnl　（Figure　4）

and　no　significant　labeling　was　detected　in　the　nucleus

（data　not　shown）．

　　Subsequently，　we　performed　double－labeling　immu－

noelectron　microscopy　to　analyse　the　precise　relation－

ship　between　the　APC　protein　andα一catenin．　Five　nm

gold　particles　marking　the　localization　ofα一catenin

were　distributed　mainly　underneath　the　lateral　plasma

membrane　and　in　the　cytoplasm　nearby（Figure　5a　and

b）．Aclose　association　of　the　5　nln　and　lO　nm　gold

particles　was　f士equently　observed　along　the　lateral

づミミミピぐ　ミミミ　

語ぺ，
　　　　こP
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Figure　3　1mmunohistoclコemical　staining　of　the　APC　protein　ill　tlle　Min　Inousc　distal　colon　including　adcnoma．　Frozen　sections

werc　stained　with　hematoxylin－eosin（a）and　the　Ilext　serial　ones　wcrc　immunostained　with　antl－APC－C－ter　alltibodies（b）．　All　of　the

crypts　ln　adenoma（1－5in　a）showed　no　immunorcactivity飴r　the　APC　protcln（1．5in　b）．　The　epithclium　excluding　adenoma

exhibited　the　same　immunostaining　pattern　as　in　the　normal　mouse　colon（Bar；20μ11〕）

plasma　Inembrane　from　the　apical　to　basal　ends　and　in

the　cytoplasm　nearby（Figure　5a　and　b）．　On　the　other

hand，　a　certain　number　of　5　nm　and　10　nm　particles　in

the　same　region　were　localized　independent　of　one
another．　The　colocalization　of　the　APC　protein　andα一

catenin　was　rarely　detected　in　other　regions　of　the　cell；

丘w　5nrn　gold　particles　were　seen　in　the　apical

cytoplasm　and　on　microvilli　where　the　APC　protein
was　abundantly　expressed（Figure　5c）．　Neither　particle

was　more　than　weakly　detected　in　the　inner　cytoplasm

and　nucleus（data　not　shown）．　Very允w　5　nm　or　l　O　nm

gold　particles　were　seen　in　any　regions　of　the　epithelial

cells　in　the　control　sections（Figure　5d）．

Discussion

The　predicted　amino　acid　sequence　of
protein　has　little　sequence　similarity
proteins，　providing　允w　clues　to　its

action　（Groden　eτα1．，1991；Kinzlerθ

mechanisnl

the　APC
to　other
　　　　　　of

α1．，　1991）．

However，　the　APC　protein　has　recently　been　reported

to　R）rm　a　cytosolic　colnplex　with　catenins，　suggestin・

that　the　APC　protein　is　involved　in　cell　adhesio、

（Nagafuchi〃α1．，1991；Takeichi，1991；Shimoyama口
α1．，1992；Oda　eτα1．，1993；Rubinfbld訂α1．、1993；Su
eτ　α1．，　1993b；　Shibata　eτ　α1．，　1994）．　In　addition，　celI

血actionation　experiments　and　immunohistochelnical
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Figure　4　1ntracellular　locahzatioll　of　the　APC　protein　in　mouse　duodenal　epithelial　cells　detected　by　immunoelectron　microscopy，

Ultrathin　sections　were　stained　with　anti－APCC－tcr　antibodies　and　lOnm　colloidal　gold－colljugated　second　antibody，　A　number　of

lOnm　particles　marking　the　APC　protein　were　seen　on　microvilli（MV）、　hl　apical　cytoplasm　and　along　the　lateral　plasma

membranes．　The　APC　protein　was　barely　detected　nl　the　inner　cytoplasm（＊）（Bar＝100　nln）

studies　suggested　that　the　APC　protein　is　present　as

insoluble　aggregates　in　the　cytoplasm（Smith　eτ‘〃，，

1993）．In　the　present　study，　we　analyzed　whether　the

APC　protein　and　α一catenin　are　colocalized　in　the

normal　mouse　intestine　by　light　and　immunoelectron

microscopy．　Our　immunohistochemical　analysis　de－
monstrated　that　both　the　APC　protein　andα一catenin

are　localized　in　the　lateral　cytoplasm　of　illtestinal

epithelial　cells．　Furthermore，　double－labeling　immu－

noelectron　microscopy　con丘rmed　that　both　proteins
are　indeed　closely　colocalized　in　the　lateral　cytoplasm，

in　particular　along　the　lateral　plasma　membrane．

Hence　the　APC　protein　may　function　in　a　complex
with　catenins　in　the　lateral　cytoplasm　of　the　intestinaI

epithelial　cells．

　　The　fbrmation　of　a　complex　between　the　APC
protein　and　catenins　was　reported　to　be　independent

of　cadherin（Rubinfddεrα1．，1993；Suρrα1．，1993b）．

Consistent　with　this　notion，　detailed　analysis　of　the

dynamics　of　cadherin－catenin　complex　K）rmation
recently　showed　that　as　much　as　50％　of　catenins

are　not　directly　associated　with　E－cadherin（Hinckρr

α1．，1994；Nathkeρrα1．，1994）．　Thus，　the　APCα一

catenin　complex　detected　in　this　study　is　most　likely　to

be　independent　of　cadherin．　On　the　contrary，　β一

catenin　is　presumably　contained　in　the　complex，　since

α一catenin　is　believed　to　bind　indirectly　to　the　APC

protein　through　its　association　with　β一catenin，　the

latter　which　directly　binds　to　the　APC　protein
（Rubinfddε’ζ」／．，1993；Suρrα1．、1993b）．　However、

we　were　not　able　to　examine　the　localization　ofβ一

catenin，　because　antトβ一catenin　antibodies　suitable　fbr

immunostaining　and　imm皿oelectron　microscopy　were
not　available．

　　It　has　recently　been　reported　that　the　wild－type　but

not　mutant　APC　protein　associates　with　microtubules
加γ’vo　via　its　COOH－terminal　region，　a　region　which　is

typically　deleted　in　colorectal　cancers（Mullemitsuρr

α1．，1994；Smithρ／α1．，

protein　was　fbund　to
tubule　assembly　’η　v〃’・o

Nevertheless，　we　did

staining　Pattern　which

bules．　One　reason　for

difference　in　the　level　of　the　APC　protein　expressed

the　cells　examined；the　staining　Patterns　reported　by

Smith　er‘」1．　and　Munemitsuρrα1．　were　obtained　with

cel［s　transiently　overexpressing　the　transf＞cted　APC

gene，　whereas　in　our　experiments　the　endogenous　APC

protein　was　stained．　Overexpression　of　the　APC
protein　may　illduce　mic1・otubule　assembly　in　the　living

cells　as　observed　∫12　v〆τro．

　　One　of　the　most　intriguing丘ndings　in　this　study　is

that　the　APC　protein　is　localized　not　only　in　the

lateral　cytoplasm

apical　cytoplasm
where　ぱ一catenin

proteln　　ls
independent

1994）．In　addition，　the　APC

dramatically　promote　micro－
　　（Munemitsuぼα1．，1994）．

not　observe　the　61amentous
is　characteristic　of　microtu－

this　discrepancy　may　be　a

　　　　　　　　　　　　　　　　　　　　　　ln

with　proteins　other　than

abundant　in
tubules　and　intermediate　filalnents

　　　　but　also　on　mlcrovilll　and　In　the

　　　　　of　the　intestinal　epithelial　cells

　　　　is　not　present．　Thus，　the　APC

Iikely　　to　　have　　additional　　fUnctions

of　catenins，　and　also　n〕ay　associate
　　　　　　　　　　catenins．　Since　microvilli　is

microfilaments　but　devoid　of　micro－
　　　　　　　　　　　　　　　　　，lt　lS　lntereStlng　tO
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Figure　5　Double　bbellng－lmmunoelectron　mlcroscoplc　demollstratlon　of　the　APC　proteln、mdヱーcdtenm　m　mouse　duodenal
eplthellal　cells　Ultldthln　sectlons　were　stdlned　wlth　dllt1－APC－C－tel　dntlbodles．　ant1一α一catenln　antlbody、10nm　collolddl　gold－

conjugdtcd　alltl－rdbblt　IgG　dnd　5　nm　colloldal　gold－conJugated　dnt1－rdt　IgG（a）（b）Colocallldtlon　of　lOnm（the　APC　proteln）、md

511m（α一cdtenln）partlcles　wds　observed　dlong　the　ldteral　plasmd　membrane～、md　m　the　cytopl、ヒsm　ne、lrby（arrow～）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　hldependent
locahzatlon　of　the　APC　protem　was　also　detccted　111　the～ame　reglon（arrowhead～）Colocallzdtloll　of　both　prote111s　w鵡very　rare　In

the　lnner　cytoplasm　AJ，‘ldherence　junctlon、　D．　desmosome、1，　aplc、しl　paltoi　the　eplthelldl　cens，　b，　bdsal　part　of　them（c）The　APC

proteln　was　present　on　mlcrovll11　and　ln　the　dplcal　cytoplasm　where改一cdtenln　was　barely　detected　（d）No　parncles　were　detected

whell　the　control　rabblt　serum　and　control　rat　serum　were　used　R）r“dmmg　ln　pldce　of　ant1－APGCler　antlbodle～and　antl一α一catenln

alltlbodyα一18（Bars＝50　nm　ln　a－c、md　lOO　nm　ln　d）

speculate　that　the　APC　proteln　ls　assoclated　wlth

mlcrofilaments　or　mlcro61ament－blndlng　protelns　ln
mlcrOVIIIl

　　Slmllar　to　the丘ndlng　of　Smlthρrα1（1993），　our

lmmunohlstochemlcal　analysls　showed　that　the　stalnlng

of　the　APC　proteln　gladually　lncreases　from　the　base

of　the　crypt　to　the　lumlnal　surmce，　suggestlng　a

relat】onshlp　between　the　expre∬10n　of　the　APC
protelns　and　dlf花rentlatlon　of　lntestlnal　eplthellal

cells　In　thls　regard，　lt　ls　lnterestlng　to　note　that　APC

shows　slgnlficantly　hlgh　expresslon　ln　the　braln（Bhat

訂　　α1，　　1994；　　our　　unpubllshed　　observatlon）　　In

partlcular，　durlng　the　development　of　the　cortex，

cerebellum　and　retma，　APC　and　mRNA　expresslon］

was　promlnent　ln　layers　contalnlng　newly　fbrmed
postmltotlc　neurons，　wlth　Iower　levels　observed　ln　the

prollfセrat［ve　zones　where　neurogenesls　occurs

　　The　ant1－APC－C－ter　antlbodles　dld　not　staln　the



adenomas　and　adenocarcinomas　developed　in　the
intestinal　tract　of　the　Min　mice，　while　the　antibodies

speci6cally　stained　the　normal　epithelial　cells．　Since　the

protein　product　generated　from　the　mutant　APC　gene

of　Min　mice　could　be　truncated　polypeptide　with　850

amino　acids　that　is　not　recognized　by　the　anti－APC－C－

ter　antibodies，　APC　detected　in　the　nomlal　epithelial

cells　of　Min　mice　would　be　derived　from　the　normal

allele　of　the　APC　gene．　Lack　of　the　immunoreactivity

of　the　adenomas　and　adenocarcinomas，　there丘）re，

implies　that　the　normal　allele　of　the　APC　gene　is

inactivated　in　the　tumor　cells，　being　consistent　with　the

two－hit　theory（Knudson，1971）．

　　In　conclusion，　a　certain　portion　of　the　APC　protein

was　fbund　to　colocalize　withα一catenin　in　the　intestinal

epithelial　cells　but　there　also　exists　APC　protein　that　is

not　colocalized　withα一catenin．　Thus，　the　APC　protein

seems　to　have　both　catenin－dependent　and－indepen－

dent　functions．　Identification　of　novel　APC　associated

protein　is　currently　under　way　in　our　laboratories．

Materials　a皿d　methods

Cθ11cμ1τμrθ

Human　osteosarcoma　HOS　cells　were　cultured　ill
Dulbecco’s　modi6ed　Eagle’s　medium（DMEM）containing
lO％fbtal　calf　serum．

ノ1n杜bo6髭es

Anti－APC－C－ter　antibodies　used　fbr　immunoprecipitation

and　immunostaining　were　prepared　by　immunizing　rabbits
with　a　synthetic　peptide　corresponding　to　the　COOH－
terminal　14　amino　acids　of　the　human　APC　protein　and

puri6ed　by　a伍nity　chromatography　on　a　column　to　which

the　synthetic　peptide　had　been　covalently　linked．　The

sequence　of　the　COOH－terminal　l4　amino　acids　of　the
human　APC　protein　was　identical　to　that　of　the　mouse

APC　protein．　Anti一α一catenin　monoclonal　antibodyα一18

was　prepared　as　described　elsewhere　（Nagafuchi　and
Tsukita　l994）．

Im耽抱町ec城αfion

Cells　were
contalnlng
l200　C’

solubilizing

O．5％　　sod◆

50mM

1mmo

　　　　　　　　1um

　　　　　　β一glycerophosphate，

orthovanadate，0．05　mM　NaF，

labeled　fbr　4h　in

lmCi　of　［35S］methionine
l－1，New　England　Nuclear）

buf民r［50　mM　Tris（pH　7．2），

　　deoxycholate，0．1％　SDS，
　　　　　　　　　　　　　5mM　DTT，

methionine・free

　　　　　　　　　　　　　　　　　　　　　　　　　0．1皿M（P－amidin

methanesulfonyl且uoride　and　leupeptid（5　mg　mr
Iysates　were　incubated　with　antibodies　fbr　l　h　at　4℃．　The

immunocomplexes　were　absorbed　to　protein　A－Sepharose
4B　and　washed　extensively　with　solubilizing　buf丘r．

Samples　were　analysed　by　5％SDS－polyacrylamide　gel
electrophoresis　fbllowed　by　autoradiography．　Tissues　were

also　lysed，　immunoprecipitated，　and　size　fractionated　in　a

5％SDS－polyacrylamide　gel　and　trans飴rred　to　a　nylon

membrane，　and　the　APC　protein　was　detected　by

　　　　　DMEM
（100mCi　ml－1，

and　lysed　in
　　1％　NP－40，

0．15MNaCl，
1mM　sodium
　　　　　　henyl）　　　　叩］．The
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sequential　binding　of　a　specific　first　antibody　foilowed　by

alkaline　phosphatase－co可ugated　second　antibodies．

with　PBS
labeled　goat
diluted　l：100

washed　in
nuorescence
inCU

加棚ηo碗sfOCたα耽α互αηα↓αy巫

Duodenum，　proximal　and　distal　colons　of　normal　male
ddY　Inice　and　Min　mice，　which　were　obtained　from　The

Jackson　Laboratory，　were　used　fbr　immunohistochemical
analysis．　Frozell　sections　of　the　normal　mouse　organs　were

prepared　as　described　previously（Sendaετα1．，1991）．　The

sections　were　incubated　at　4℃overnight　with　anti－APC－C－

ter　antibodies　diluted　1：50　with　PBS　or　with　anti’α一catenin

antibody（α一18）diluted　l：1　with　PBS．　After　washing　in

PBS，　the　sections　were　incubated　at　room　temperature　R）r

lh　with　nuorescein　isothiocyanate（FITC）－labeled　goat
anti－rabbit　IgG　antibody（Seikagaku　Kogyo）diluted　1：100
　　　　　　　　　for　　anti・APC－Cter　antibodies，

anti－rat　IgG　antibody
　fbr　anti一α一catenin　antibody．

PBS　were　examined　with
microscope（Nikon）．　Control

（Seikagaku

or　ln　FITC－
　　　　　Kogyo）

The　sections

a　Fluophoto
SeCt10nS　Were

　　　bated　with　normal　rabbit　or　rat　serum　instead　of　anti－

APC－C－ter　or　anti一α・catenin　antibodies，　respectively．　Serial

frozen　sections　of　the　Min　mouse　colon　were　prepared　as

they　include　both　tumor　and　normal　tissues．　They，
alternatively，　were　immunostained　with　anti－APC－C－ter

antibodies　as　described　above，　and　stained　with　hematox－

ylin－eosin．

Imm協oelectγon　micγoscopy

Duodenum　of　normal　male　ddY　mice　aged　8　weeks　were
used　fbr　immunoelectron　microscopic　analysis．　Lowicryl

K4M　ultrathin　sections　were　prepared　according　to　the
method　of　Sendaθτα1．（1991）．　The　sections　were　incubated

at　4°C　overnight　with　anti－APC－C－ter　antibodies　diluted

1：50with　PBS．　The　sections　were　incubated　with　10　nm－

colloidal　gold－conjugated　goat　anti－rabbit　IgG　antibody

（Amersham）diluted　l：30　with　PBS　at　room　temperature
R）r2h．　The　sections　were　washed，　stained　with　uranyl

acetate　and　lead　citrate　and　examined　with　a　H－700
transmission　electron　microscope（Hitachi）．　Control　sec－

tions　were　incubated　with　normal　rabbit　serum．　For
double－1abeling　immunoelectron　microscopy，　the　sections
were　incubated　with　anti一α一catenin　antibody　and　anti－APC－

C－ter　antibodies　diluted　1：50　at　4°C　overnight．　After

washing，　the　sections　were　incubated　at　room　temperature

fbr　2　h　with　a　mixture　of　10　nm－colloidal　gold－co句ugated

goat　anti－rabbit　IgG　antibody　diluted　l：30　and　5　nm－

colloidal　gold－co句ugated　goat　anti－rat　IgG　antibody
（Amersham）diluted　l：30．　The　sections　were　stained　with

uranyl　acetate　and　lead　citrate　and　examined　with　the

electron　microscope．　Control　sections　were　incubated　with

amixture　of　normal　rabbit　serum　and　normal　rat　serum．
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