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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Summary

Patterning　of　the　mouse　embryo　along　the　anteroposterior（A－P）axis　during

development　requires　migration　of　the　distal　visceral　endoderm（DV　E）toward　the

f・t・・e孤t・・i・・sid・by・mech加i・血th・t　has　rem班・・d・・k・・w・・H・・e　w・・h・w　th・品・

si　gnaling　mo1㏄ule　Nodal　and　its　antagonists　Lefty　l　and　Cerl　are　required　for　migration

of　the　DVE．　Whereas　Nodal　signaling　provides　the　driving　fbrce　for　DVE　miglation　by

stimulating　the　proliferation　of　visceral　endoderm　cells，　Lefty　l　and　Cerl　detemline　the

direction　of　migration　by　asymmetrically　inhibiting　Nodal　activity　on　the　futu佗anterior

side．
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Establishment　of　the　anteroposterior（A－P）axis　i　s　the　first　overt　manifestation　of　the

body　plan　in　the　mouse．1’2　The　first　morphological　sign　of　A－P　patterning　is　the

fo㎜ation　of　the　primitive　streak　on　the　poste亘or　side　of　the　embryo　at　embryonic　day

（E）6．5．At　the　cellular　and　molecular　levels，　however，　the　patterning　events　begin　mUch

earlier．　One　day　before　gastrulation（E5．5），　the　proxilnodistal（P－D）axis　i　s　established；

at　this　time，　the　embryo　appears　radially　symmetric，　with　a　group　of　visceral　endoderm

（VE）cells　that　express　the　homeobox　gene　H6x　being　present　eXclusively　at　the　distal

end3．　A　few　hours　later，　at　E5．7，　these　Hex－positive　distal　visceral　endoderm（DVE）cells

begln　to　migrate　toward　the　future　anterior　Side，　eventudly　fo㎝ing　the　anterior　visceral

endoderm（AVE）at　E6．5．The　AVE　secretes　signaling　mo1㏄ules，　including　the　Noda｝

antagonists　Lefty　14and　Cerl　56，　both　of　wh▲ch　wilhnhibit　Nodal　signaling　in　the

underlying　epiblast　and　restrict　Nodal　activity　to　the　posterior　side　of　the　embryo．　Such

asymmet巧in　Nodal　signaling　sl児cines　the　anterior　epiblast　to　fo㎜the　prospective

brain　and　generates　the　primitive　streak　on　the　posterior　side．　The　entire　A－P　patterning

process　can　thus　be　divided　into　three　steps：（1）establishment　of　the　P－D　axis，（2）

conversion　of　the　P－D　axis　into　the　A－P　axis　by　the　anterior－directed　migration　of　the

DVE，　and（3）patterning　of　the　epiblast　by　the　AVE．

　　　　　　　Although　the　mechanism　by　which　the　AVE　patterns　the　epiblast　has　been

relatively　well　characterized7’8，　it　has　remained　unknown　how　DVE　migration　is

achieved　and　how　the　direction　of　DVE　mi　gration　i　s　determined．　It　has　been　proposedg

that　this　anisotropic　cell　movement　may　involve　differential　cell　growth，　the　orientation

of　cell　divisions，　or　a　barrier　that　prevents　posteriorward　migration，　but　this　important
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issue　has　not　been　experimentally　addressed．　We　have　now　examined　the　mechanistic

basis　of　DVE　migration．　Our　results　suggest　that　Nodal　signaling　provides　the　driving

fbrce　for　DVE　migration　by　stimulating　cell　proli飴ration　in　the　VE，　whereas　Lefty　l　and

Cerl　determine　the　direction　of　migration　by　reducing　Nodal　activity　on　the　future

anterior　side．

Expression　of　Nodal　antagonists　befbre　DVE　migration

We　have　previously　shown　that　DVE　migration　does　not㏄cur　in　the　most　severe

phenotype（type　B）of　embryos　that　lack　the　FoxH　l　transcription　factorlo．　Examination

of　various　types　of　Fox1〃mutant　embryos　for仇x　and　No友1　expression　revealed　an

apparent　correlation　betw㏄n　the　level　of　FoxH　1－mediated　Nodal　signaling　in　the　VE

and　timing　of　the　onset　of　DVE　migration（Supplementary　Figs．　S　l，S2）．　This

observation　suggested　that　Nodal　signaling　might　promote　DVE　migration　and　that

asymmetly　in　Nodal　activity　may　determine　the　direction　of　such　migration．　However，

NO吻1　expression　is　symmetric　along　the　prospective　A－P　axis　at　E5．5　and　E5．711，　the

latter　being　the　time　when　the　DV　E　begins　to　migrate．　We　therefore　examined　in　detall

the　expression　domains　of　the　genes　for　the　Nodal　antagonists　Lefty　l　and　Ced　at　the

stages　before　and　after　DVE　migration（between　E5．O　and　E65）．

　　　　　　　　　Expression　of　Z幼1　and　Cerl　was　not　detected　at　E5．0．　The　expression　of

these　genes　was　6rst　apparent　at　E5．5　in　the　DVE．　Unexpectedly，　their　expression

domains　were　already　shifted　toward　one　side　of　the　embryo　before　the　onset　of　DVE

migration（Fig．　l　a，’ d）．　Rom　E6．O　t6　E6．5（Fig．　l　b，　c，　e，　f），　the　expression　domains　of

Lφyl　andαrl　moved　toward　the　anterior　side．　These　observations　suggested　that　the
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expression　domains　of　Lφyl　and　C6rJ　at　E5．5　are　b輌ased　toward　the　prospective

anterior　side．　This　conclusion　was　co㎡imled　by　two－color　in　situ　hybridization．　Both

Lφy1（Fig．1g）andαr1（Fi　g．　l　i）expression　domains　at　E5．5　were　shifted　toward　the

future　anterior　side　of　embryos（η＝8），　whereas　the　H已expression　domain（Fig．　l　h，　j）

was　apparent　at　the　distal　tip　of　the　same　embryos．　Such　asymmetric　expression　of

Lφyl　andαrl　might　thus　be　expected　to　generate　different▲al　Nodal　activity　in　the

DVE　along　the　A－P　axis，　with　lower　Nodal　activity　on　the　future　anterior　side．

Asymmet［オc　Nodal　inhibition　directs　DVE　migration

To　determine　whether　an　asymmetry　in　Nodal　si　gnaling　generated　by　the　Nodal

antagonists　directs　DVB　migration，　we　examined　the　effects　of　ectopic　expression　of

ハb吻↓，Lψy1，0r　C6r’，　each　together　with　the　gene　for　green　nuo佗scent　prote輌n（GFP），

in　the　VE　of　E5．2　embryos．　The　DVE　was　labeled　with　the　dye　Dil　3　to　trace　its

migration．　Embryos　were　cultured　for　24　h　and　the　positlons　of　GFP－positive　and　Dil－

positive　cells　were　then　mapped（Fi　g．2a－c）．　If　the　test　gene　did　not　i㎡luence　the

direction　of　DVE　migmtion，　GFP－positive　cells　and　Dil－positive　cells　would　be

expected　to　be　found　on　random　sides　of　the　embryo；the　probability　of　both　types　of

cells　being　1㏄ated　on　the　same　side　would　be　25％．　In　contrast，　if　the　Nodal　antagonists

were　able　to　direct　DVE　migration，　GFP－positive　cells　and　DiI－positive．cells　would　be

1㏄ated　on　the　same　side　of　the　embryo　with　a　frequency　of＞25％．

　　　　　　　Expression　of　GFP　alone　did　not　in刊uence　the　direction　of　DVE　movement；

Dil」abeled　cells　were　thus　randomly　situated　relative　to　the　position　of　GFP－positive

cells，　with　a　co1㏄alization　f嘲uency　of　26％（η＝71）（Fig．2d）．　Ectopic　expression　of
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Lφyl　resulted　in　the　col㏄alization　of　GFP－positive　cells　and　Dil－positive　cells　on　the

same　side　i　n　54％of　embryos（〃＝35；ρ＜0．005　versus　GFP　alone，　chi－square　test）．

Ectopic　expression　of　CerZ　had　a　similar　effect　on　DVE　mi　gration，　with　46％of　embryos

（η＝57，ρ＜0．03）showing　same－sided　l㏄alization　of　the　two　types　of　cells．　In　embryos

ectopically　expressing　both　L幼yl　and　CθrZ，　the　DVE　migrated　toward　the　side

containing　the　GFP－positive　cells　in　88％of　emb取os　examined（η＝57，ρ＜0．0001）．

　　　　　　　To　detemline　whether　DVE　migmtion　depends　on　the　absolute　level　of，　or　on　a

regional　difference　in，　Nodal　signaling，　we　similarly　introduced　aハ1b4α↓expression

vector　i　nto　wild－type　embryos．　Dil　and　GFP　si　gnals　were　located　on　the　same　side　in

only　4％of　such　embryos（η＝85，ρ＜0．0001）（Fig．2d），　indicating　that　the　DVE

migmted　away　from　the　side　with　a　higher　Nodal　activity．　The　DVE　fails　to　migrate　in

FακH1」－embryos　containing　one　wild－type　IVO4α1　allele　and　aハb友1－1αcZ　allele．　Io　In

such　FωζH1」一，1Vo4α♪㏄乙＋mutant　embryos，1Vo4αJ　expression　is　lost　in　the　VE　and　distal

epiblast　and，　as　in　FoxH1－／－type　B　embryos，　that　in　the　proximal　epiblast　is　radially

symmetric．　If　the　mi　gration　f達lure　in　thi　s　mutant　i　s　due　to　the　loss　of∧b吻1　expression，

restoration　of／VO吻’expression　would　be　expected　to　induce　DVE　movement．　Ind㏄d，

whereaS　Dil－labeled　cellS　remained　at　the　distal　tip　in　l　OO％Of　FoxH1－／一，1Voぬ♪aczノ＋

embryos　expressing　GFP　alone（〃＝9），　ectopic　expression　of　IVO血1　repelled　the　DVE　i　n

100％of　such　embryos（〃＝4，ρ＜0．0001　versus　those　expressing　GFP　alone）（Fig．2d）．

Nodal　antagonists　inhibit　VE　cell　pmlifξration

To　determine　whether　differential　cell　proliferation　contributes　to　the　mechanis】m　of

DVE　migration，　we　examined　the　proliferation　of　VE　cells　by　labeling　embryos　with
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bromodeoxyuridine（BrdU）at　pre－or　early　gastrulation　stages．　In　wild－type　embryos，

cell　proliferation　in　the　VE　was　unifo㎜at　E5．5（Fi　g．3a）．　At　E5．7，　however，　when　the

DVE　begins　to　migrate，　cell　proliferation　was　inhibited　in　the　region　corresponding　to

the　Lφyl　and　Cθrl　expression　domains（Fig．3b）．　Inhibition　of　cell　proliferation　in　the

f・t・・e脳Ew・・輌允・t・t　E6・0（Fig・3・）・孤d　the　a・ymm・剛n　cell　p・・li飴mti…at・

along　the　A－P　axis　was　maintained　in　the　VE　until　E6．5（Fi　g．3d，　e）．　This　pattem　of　cell

proliferation　was　reminiscent　of　the　temporal　changes　in　Nodal　signaling．　To　investigate

the　possible　relation　between　Nodal　signaling　and　cell　proliferation，　we　examined　the

pattem　of　BrdU　incorporation　at　E6．5輌n　various　mutants　deficient　in　such　signaling」n

No4α11acz川孤z　embryoSl2（η＝5），　cell　prolifbration　was　markedly　impaired　in　the　VE　and

epiblast（Fig．3f）．　In　FoxH1一ノーembryos，　two　types　of　staining　pattern　were　observed．　In

the　type　A　mutant（ηニ3），　an　asymmet亘c　pattern　of　BrdU　incorporation　similar　to　that

apparent　in　the　wild　type　was　detected（Fig．3g），　although　the　staining　level　was　reduced

compared　with　that　in　wild－type　embryos．　In　the　type　B　mutant（η＝4），　which　expresses

No吻J　only　in　the　proximal　epiblast　at　this　stage（Supplementary　Fig．　S2；data　not

shown），　unilb㎜s白ining　was　apparent　in　the　VE　overlylng　the　proximal　epiblast

whereas　staining　in　the　DVE　was　lost（Fig．3h）．　Finally，　in　Foκみ7n°x／一，　L吻2－c形

embryos（η＝4）lacking　FoxH　l　specifically　in　the　epiblast　lo，　the　distribution　of　BrdU

incorporation　was　similar　to　that　apparent　in　wild一⑲pe　embryos（Fi　g．3i）．　These　results

indicate　that　Nodal　signaling　promotes㏄ll　proliferation　in　the　VE　and　that　the

asymmetry　in　proliferation　along　the　A－P　axis　i　s　due　to　differential　Nodal　signaling．

　　　　　　　We　next　examined　the　effects　of　ectopic　expression　of　Nodal　or　Nodal
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antagonists　on　the　proliferation　of　VE　cells．　The　VE　of　E5．2　embryos　was　cotransfected

皿ilaterally　with　a　test　gene　and　a　GFP　expression　vector，　and　the　number　of　GFP－

positive　cells　was　counted　l　2　and　36　h　later．　The　increase　in　the　number　of　GFP－positive

cells　during　the　24－h　period　between　these　two　time　points　was　estimated」n　embryos

transfected　with　the　GFP　vector　alone（η＝86），　the　transfected　cells　duplicated　two　or

three　times　in　about　half　of　the　embryos　examined　and　did　so　more　than　three　times　in

the　remaining　embryos（Fig．4a－d，　i）．　This　variabnity　in　the　number　of　cell　divisions

depends　on　the　speci且c　site　of　transfection，　with　transfected　VE　cells　on　the　future

anterior　side　dividing　fξwer　times（average＝2．2　times，〃＝13）than　those　on　other　sides

（ri　ght　side，　average＝4．O　times，η＝9；1eft　side，　average＝3．7　times，〃＝8；posterior　side，

average＝4．2　times，η＝7）．　Ectopic　expression　of　both　Lφyl　and　Cεrl　in　embryos（η＝

71）・e・ult・d　i・i曲ibiti・n・f　cel1　P・・li允・ati・n（Fig・奄・f・i）・with　t・an・飴・t斑㏄11・m・ely

duplicating　more　than　four　times．　Conversely，　transfection　of　embryos　with　a　Nρ4αJ

expression　vector（η＝61）st輌mulated　cell　proliferation（Fig，4g－i），　as　reflected　by　a

marked　increase　in　the　percentage　of　embryos　in　which　cells　replicated　more　than　four

times．　These　results　thus　indicate　that　Nodal　si　gnaling　promotes，　and　that　Nodal

antagonists　inhibit，　cell　proliferation　in　the　VE．

　　　　　　　To　determine　the　extent　to　which　asymmetric　cell　proliferation　contributes　to

DVE　migration，　we　su句ected　embryos　both　to　un丘lateral　cotransfection　of　the　VE　with　a

GFP　vector　and　an　expression　vector　for　wild－type　or　a　dominant　negative　foml　ofαた2

13
as　well　as　to　labeling　of　the　DVE　with　DiI（Fi　g．4」）．　Ectopic　expression　of　wild－type

C㎝2repelled　the　DVE　in　90％of　embryos　examined（n＝79，ρ＜0．008　versus　embryos
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expressing　GFP　alone）whereas　that　of　the　dominant　negative　form　ofα批2　attracted　the

DVE　in　45％of　embryos（η＝98，ク＜0．Ol6），　although　expression　of　the　wild－type　and

mu口nt　fo㎜s　of　Cdk2　was　less　e舵ctive　in　thls　regard　than　was　that　of　Nodal　or　both

Nodal　antagonists，　respectively．　We　next　examined　the　effect　of　ectopic　expression　of

C汲2in　FoxH1」一，　W∂已／1拭乙＋embryos．　Whereas　expresslon　of　GFP　alone　f泊led　to　move

the　DVE，　that　of　wild－type　C汲2　repelled　the　DV　E　in　aU　of　the　four　embryos　examined

O＜0．㎜1）．DVE　migmtion　induced　by　Cd口in　the　mu㎞t　emb取os　was　incomplete

（the　migration　distance　was　shorter　than　that　in　wild－type　embryos），　possibly　because

the　small　population　of　proliferating　cells　was　not　sufficient　for　complete　migration　of

the　DVE　or　because　Nodal　signaling　has　relevant　effects　other　than　that　on　cell

prolifbration．　These　data　suggest　that　inhibition　of　cell　proliferation　by　Nodal

antagonists　dir㏄ts　the　DVE　to　migrate　toward　the　future　anterior　side．

Impaired　A・P　pa仕eming　without　Le貴yl　and　Cerl

To　confi㎜the　role　of　Nodal　antagonists　in　A－P　patterning，　we　analyzed　mu血nt　mice

lacking　Le實y　l　or　Cer1．　L吻1≠14　and　Cεrτ／－61516　embryos　undergo　no㎜al　gastmlation，

whereas　Cεアτ／一，　L吻1」－embryos　develop　multiple　primitive　streaks8，　suggestive　of

functional　redundancy　between　Lφyl　andα〃．　We　first　examined　expression　of　the

AVE　marker」磁冗（Fig．5a，　b，　h，　i）．　The　1丘x　expression　domain　was　expanded　slightly　in

Cθrτ／－and　Lφy1－〆－mutants（data　not　shown）and　markedly　in　the　Cεγτ／一，　L吻rノー

double　mutant（Fig．5b，　i），　in　which　cells　positive　for　1丘x　transcripts㏄cup量ed　the　entire

anterior　half　of　the　VE　at　E6．5（η＝4）．　These　results　reveal　a　new　role　for　the　Nodal

antagonists　inA－P　patterning；these　molecules　thus　restrict　the　size　or　l㏄ation　of　the
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AVE，　perhaps　by　inh▲biting　the　proliferation　of　AVE　ceUs．

　　　　　　　We　next　examined　DVE　miglation　in　the　Lφyl　and　Cεrl　mutants　by

monitoring仇x　expression．　Although　the　L吻1－1－or　Cerτ／－embryos　did　not　manifest

obvious　migration　def㏄ts（data　not　shown），　migmtion　of　the　DVE　was　delayed　in

Cθrτ1－，Z幼1－／－embryos．　The飽x　expression　domain，　which　is　normally　l㏄ated　on　the

anterior　side　at　E6．0（Fi　g．5a），　thus　remained　in　the　distal　region　of　the　double　mutant　at

this　time（Fig．5h）．

　　　　　　　The　loss　of　the　Nodal　antagonists　also　affected　the　proliferation　of　VE　cells．　In

wild－type　embryos　at　E6．O　and　E6．5，　the　extent　of　BrdU　incorporation　into　the　VE　was

greater　on　the　posterior　side　and　gradually　decreased　toward　the　anter輌or　side（Fig．3c－e；

Fig．5c，　d）．　The　asymmetry　in　BrdU　incorpora60n　between　the　anterior　and　posterior

VE　w・・1ess・b・i・u・i・L幼1－／“＝4）（Fig・5q）頷d　C・・τ〃’（・＝5）（Fig・5・）emb巧…

In　Cεが一，　Lφy1－1－embryos　at　E6．0（〃＝5）（Fig．勇）and　E6．5（〃＝4）（Fi　g．5k），　however，

BrdU　incorpo】旧tion　was　apparent　at　a　high　level　throughout　the　entire　VE，　with　the

・xcep廿…f・・m・11・egi・n・fth・AVE・W副…xami・舗胸姻exp・essi・ni・th・

various　mutant　embryos　at　E65．　In　the　wild　type，　No吻J　expression　in　the　epiblast　at

thi　s　stage輌s　greater　i　n　the　posterior　region2（Fi　g．5e－g）．　In　the　single　mutants　lacking

域y1（η＝3）（Fig．5r－t）or　Cθr1（η＝5）（Fig．5v－x），ハb∂α1　expression　was　down－

regulated　in　the　posterior　epiblast　but　was　up－regulated　in　the　VE．　Increasedハb4α’

expression　was　more　evident　in　the　double　mutant（〃＝4）（Fig．51－n）；1VO吻1　expression

in　the　epiblast　was　thus　unifom〕in　the　distal　region（Fi　g．5n）but　was　asymmetric　in　the

proximal　region（Fig．5m）．　In　addition，　NO吻1　expression　was　up－regulated　throughout
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the　VE（Fig．51－n）．　　　　　　　　　　　　　　　　　・

　　　　　　　Although　DVE　migration　was　delayed　in　Cεrτ／一，　L吻1＋embryos（η＝12）

（Fi　g．50），　the　DV　E　cells　did　migrate　anteriorly（Fi　g．5i）．　Furthe㎝ore，　ahhough　the

extent　of　VE　cell　prol　iferation　was　greatly　increased　in　the　double　mutant，　a　small

BrdU－negative　region　was　apparent　in　the　AVE（Fig．5j，　k）．　These　observations　suggest

the　existence　of　an　additional　Nod司antagonist（or　antagonists）that　partially

compensates　fbr　the　lack　of　Lefty　l　and　CerL　An　obvious　candidate　fbr　such　a　molecule

was　Lefty2．　L吻2　i　s　not　expressed　i　n　the　VE　of　wild－type　embryos4，　but，　unexpectedly，

it　was　expressed　in　a　portion　of　the　AVE　of　Cerτ／一，」晒y1一ノーembryos（η＝5）（Fi　g．5p）

that　comesponded　to　the　BrdU－negative　region（Fig．5k）．　It　is　therefore　likely　that

ectopic　expression　of　Lφy2　partially　compensates　for　the　loss　of　Lefty　l　and　Cerl　and

thereby　reduces　the　severity　of　the　A－P　patterning　defects　in　Cθrτノー，　Lφy1－／－embryos．

Ectopic　activation　of　L吻2　in　Cεrτ〆一，　Lφy1」－embryos　likely　results　from　the　increased

Nodal　activity　in　the　DVE　and　AVE，　given　that　L⑳2　is　not　induced　in　the　AVE　of

L⑳1－／－embryos（η＝4）（data　not　shown）．

Discussion

How　d㏄s　differential　Nodal　activity　drive　DVE　migration？Several　lines　of　eviden㏄

indicate　that　differential　cell　proliferation　in　the　VE　along　the　futu佗A－P　axis　acts　as　the

driving　force　of　DV　E　migration：（1）Asymmetry　in　cell　proliferatidn　in　the　VE　was

apparent　as　early　as　E5．7，　when　the　DVE　begins　to　migrate．　A　faster　rate　of　cell　growth

on　the　prospective　posterior　side　of　the　embryo　was　al　so　suggested　by　previous

observations17．（2）Ectopic　expression　of　wild一⑲pe　or　dominant　negative　fo㎜s　of　Cdk2
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mimicked　the　actions　of　Nodal　and　of　Lefty　l　plus　Cer1，　respectively，　in　the　DVE

migration　assay．（3）Asymmetry　in　VE　cell　proliferation　along　the　A－P　axis　was　lost　in

mutants　in　which　DVE　migration　is　impaired．　Cell　proliferation　was　thus　markedly

compromised　in　the　entire　VE　of　FoπH1－／－type　B　embryos，　in　which　the　DVE　does　not

mlgmte．

　　　　　　　Although　our　data　implicate　differential　cell　proliferation　in　DVE　migration，

they　do　not　necessarily　exclude　other　possibilities．　For輌nstance，　DVE　cells　may　receive

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　令

asi　gnal　that　induces　their　anteriorward　movement．　Several　mechanisms　of㏄ll

migration　are　operative　during　development．　During　gastrulation　i　n　Xθ〃ρρμ∫or　zebra

fish，　for　example，　cells　dorsalized　by　the　organizer　are　conveyed　toward　the　anterior

side　by　cell　intercalation，　a　pr㏄ess　that　is　known　as　convergent　extension　and　which

requires　noncanonical　Wnt　signaling　that　regulates　cell　planar　polarity．　Bxtension　of　the

animal　cap　in　response　to　Activin（Noda1），　which　is　reminiscent　of　convergent　extension，

is　also　trigge佗d　by　the　induction　of　Wntll　l8’19．　If　Nodal　signaling　in　the　VE　induces

expression　of　Wnt　or　a　Wnt　an伍gonist，　it　would　generate　differential　Wnt　activity

across　the　DV　E　and　the　latter　may　then　migrate　by　a　mechanism　similar　to　convergent

extenslon．

　　　　　　　The　ectopic　expression　of　both　Lφyl　and　Cθrl　had　a　greater　effect　on　DVE

migration　than　did　the　expression　of　either　Nodal　antagon輌st　alone．　Furthemlore，　A－P

patterningde允cts　were　apparent　Only　in　the　absence　of　both　Lefty　l　and　Cer1，　although

VE　cell　proliferation　was　mild｝y　affected　in　L吻1－／－and　Cθrr1－single　mutants．　Lefty　l

and　Cerl　are　thought　to　antagonize　Nodal　signaling　by　different　mechanisms．　Whereas
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Lefty豆bl㏄ks　the　Nodal　signal　through　competitive　binding　to　the　Nodal　receptor20，

Cerl　inhibits　Nodal　activ輌ty　by　binding　to　Nodal　itself21．　Inhibition　at　both　levels　might

thus　be　n㏄essary　to　suppress　Nodal　signaling　fully．　Alternatively，　Cerl　may　inhibit

signaling　by　other　molecules，　such　as　Wnt　or　bone　morphogenetic　protein，　as　bas　been

suggested　prevlously6’21．　Mice　deficient　inβ一catenln　also　show　def㏄ts　in　DVE

miglation22，　suggesting　that　a　canonical　pathway　of　Wnt　signaling　contributes　to　this

pr㏄esS，　either　directly　or　indirectly．　In　this　regard，　Wnt　antagonists　such　as　Dkk－123

　　　　　　　　　　　　　　　　　　　●

also　might　participate　in　DVE　migration．

　　　　　　　The　direction　of　DVE　migration　appears　to　be　determined　by　the　anteriorly

shifted　expression　domains　of　L繊yl　and　Cθr’，　which　raises　the　question　of　the　ori　gin　of

the　i㎡omlation　responsible　for　the　asymmetric　expresslon　of　these　genes．　Cel1－labeling

experiments　have　linked　polarity　of　the　blast㏄yst　to　later　P二D　polarity　of　the　egg

cylinder24．　VE　descendants　of　the輌nner　cell　mass　l㏄ated　near　the　polar　body　thus　tend

to　be　1㏄alized　in　the　DVE，　whereas　those　of　cells　1㏄ated　opposite　to　the　polar　body

iend　t…nt・ib・t・t・th・p・・xim・I　VE・P…匪・tive　L・Ry1＋・C・・1＋VB　cell・might　b・

specified　early，　and　the　global　cell　movement　of　the　VE　may　bring　such　cells　to　the

distal　end　with　a　slight　dis1㏄ation　toward　the　future　anterior　side．　Epiblast－derived

Nodal　would　then　act　on　these　VE　cells　and　induce　the　expression　of　L⑳1　and　Cθr’，

given　that　the　expression．of　these　genes　in　the　VE　is　known　to　be　induced　by　Nodal

signaling　either　directly　or　indirectly2526．月已is　widely　expressed　in　the　VE　at　E5．O　but

its　expression　becomes　restricted　to　the　DVE　at　E5．5．　It　is　not　known　how仇冗

expression　is　regulated　during　this　period，　but　distally　l㏄ated　cells　may　escape　from　an
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inhibitory　signal　derived　from　the　proximal　region，　resulting　in　the　symmetric

distribution　of　Hex＋cells　in　the　distal　region．　Although　this　simple　model　d㏄s　not

require　additional　cuesわr　fo㎜ation　of　the　A－P　axis，　other　mechanisms　are　also、

possible．　For　example，　if　an　asymmetric　positional　cue　is　already　established　in　the

epiblast　before　E5．5，　L吻1　and　Cθγ／expression　could　be　induced　by　this　asymmetric

signa1．　Although　expression　of　L吻1　and　Cεr’in　the　VE　requires　Nodal　signaling　either

directly　or　indirectly25・26，　Ab4α1　expression　in　the　epiblast　at　E5．O　and　E5．5　apPears

mdially　symmetric．　In　either　case，　analysis　of　the　transcriptional　regulation　of　Lφyl　and

Cθrl　may　clarify　the　mechanisms　responsible　for　their　shifted　expression　domains．

　　　　　　　The　necessity　to　establish　polarity　of」VO吻1　expression　along　the　A－P　axis　is

conserved　among　vertebrates，　although　different　strategies　appear　to　be　adopted　to

ach▲eve　this　end．　In　Xεηρρμ∫and　zebra　fish2728，　the　expression　of　Nodal－related　proteins

in　the　vegetal　hemisphere　or　marginal　zone　is　induced　by　maternal　factors；this

expression　is　later　extinguished　by　a　negative　signaling　loop　invOlving　Lefty（Antivin）

in　the　zebra　fish29，　whereas　the　expression　on　the　dorsal　side　is　increased　byβ一catenin

signaling27　in　addition　to　the　Nodal　positive　signaling　loop30β1．　In　the　chick，ハb吻1

expression　is　induced　by　V　g　l　and　Wnt　in　the　poste亘or　marginal　zone32，　whereas　the

expression　in　the　periphery　of　the　blastoderm　i　s　supPressed　by　Cerl　produced　in　the

hypoblast33．　A　positional　cue　such　as　that　generated　by　cortical　rotation　in　Xeηρρμ♂40r

by　gravity　in　the　chick35　does　not　appear　to　contri　bute　to　mouse　development．　Instead，

the　mouse　embryo　may　have　developed　a　dynamic　system　invoMngハb4α1－Lφy／Cεrl

positive　and　negative　signaling　loops　that　make　use　of　a　subtle　change　generated　in　the
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VE．

Methods．

Introduction　of　expression　vectors　into　the　VE

E5．2　embryos　were　dissected　fK）m　the　uterus　and　the　parietal　endoderm　membrane　was

reflected．　The　introduction　of　expression　vectors　36　into　the　VB　and　labeling　of　the　DVE

with　Dil　were　pe㎡Ormed　with　a　Leica　micromanipulator　Liposomes　composed　of　the

expression　vectors㎝d　Lipofec伍mine2㎜（lnvitrogen）were　i可ected　into　the　VE　with

an町ection　pipette　by　a　method　to　be　described　in　detail　elsewhere（C．M．，　et　al，

unpubllshed）．　Embryos　were　cultured　for　24　h皿der　a　humidified　atmosphere　of　5％

CO2　at　37　C　in　dishes　containing　Dulbecco’s　modified　Eagle’s　medium　supplemented

with　75％rat　serum．　They　were　then　examined　with　a　Leica　comp6皿d　fluorescence

microscope　equipped　with　rhodamine　and　GFP20ptics3．　In　most珂ected　embryos，　the

GFP　signal　was　detected　only　in　the　VE；those　in　which　GFP　was　apparent　in　the

・pibl・・t　w・・e　diw訂d・d．『

BrdU　Iabeling　of　embryos

Labeling　of　proliferating㏄11s　with　BrdU　was　pe㎡brmed　as　described　previously37．　In

brief，　pregnant　mice　were両ected　intmpe亘toneally　with　BrdU（100　mg　per　knogram　of

body　mass）at　E55，　B5．7，　E6．0，　E6．2，0r　E6．5　and　kilied　25　min　thereafteL　The　embryos

were　recovered，　f輌xed　with　Bouin’s　solution，　and　exposed　consecutively　to　antibodies　to

BrdU（MBL，　Nagoya，　Japan），　biotinylated　secondary　antibodies　and　an　ABC－

horserad輌sh　peroxidase　system（VECTOR　Laboratories）．　The　genotype　of　each　embryo
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was　determined　by　the　polymerase　cha▲n　reaction　with　DNA　obtained　from　the

ectoPlacental　cone．

Two・color　whole・mo皿t　in　s託u　hyb1Tdization

M皿se　embryos　were　staged　on　the　basis　of　their　morphology．　Two－color　whole－mount

msitu　hybndization　was　pe㎡brmed　with　one　RNA　probe　labeled　with　digoxygenin　and

the　other　labeled　with　fluorescein　according　to　a　standard　pr㏄edure．　After　the　first

staining，　alkaline　phosphatase　was　inactivated　by　incubation　at　70　C　for　30　min．　The

second　staining　was　perfbrmed　with　INT／BCIP　solution（R㏄he），　because　the　reaction

product　can　be　later　decolorized　by　exposure　to　methano1．
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Figure　Legends

晦um　l　Asy㎜etric　expression　of　L⑳1㎝dαrl悦fore　DVE　migmtion．　Expression

of　L⑳1（a－c）andαr’（d－f）was　examined　in　wild－type　mouse　embryos　at　the

indicated　stages　of　development．　Expression　of　L吻1（amber）and　1泥κ（blue）（g）or　of

αr1（amber）and　Hα（blue）（i）was　simultaneously　examined　in　the　same　E5．5　embryos

by　two－color　in　situ　hybridization；the仇κexpression　domains　alone（h，　j）were

visualized　after　removal　of　the　amber　stain輌ng　by　treatment　of　the　embryos　show　n　i　n　g

and　i，　respectively，　with　methanoL　Amber　arrowheads　indicate　the　borders　of　Lφy1（g）

orαr’（　1）express輌on　domains；blue　arπ）wheads　indicate　those　of仇x　expression

domains（h，　j）．　Lateral　views　are　shown　for　each　embryo，　with　the　anterior　side　on　the

left．

Figure　2　Ectopic　expression　of　L吻10r　Cθrl　directs　DVE　migration．　a，　Expedmental

strategy．　An　effector　gene，　together　with　a　GFP　expression　vector，　was　introduced　into

VB　cells　on　the　lateral　side　of　E5．2　mouse　embryos，　and　the　DVE　was　labeled　with　Dil．

The　embryos　were　then　cultured　fbr　24　h，　after　which　the　fates　of　GFP－labeled　cells

（green）and　DiHabeled　cells（red）were　examined．　The　egg　cylinder　was　divided　into

four　quarters；1㏄alization　of　Dil－labeled　cells　in　the　same　quarter　or　in　a　different

quarter　relative　to　the　position　of　GFP－positive　cells　was　categorized　as‘‘same　side”or

”different　side”，　respectively．　b，　c，　Two　representative　embryos　showing　l㏄alization　of

GFP－positive　cells　and　DiI－positive　cells　on　different　sides（b）or　on　the　same　side（c）、　d，

Summary　of　the　effects　of　ectopic　expression　of　the　indicated　genes　on　DVE　migration．
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The　numbers　of　embryos　showing　each　1㏄alization　pattern　are　i　ndicated．　Host　embryos

were　wild　type　with　the　exception　of　those　in　rows　6　and　7，　which　were　Fox111一仁，

NOぬ♪ac乙＋．‘‘Dil　at　distar’（g佗en）indicates　a　pattern　in　which　the　DVE　remains　at　the

distal　end　without　migration．

Figure　3　Patterns　of　VE　cell　proliferation　i　n　wild－type　and　various　mutant　embryos．　The

pattern　of　BrdU　incorporation　was　determined　in　wild－type（WT）embryos　at　the

indicated　stages（a－e）as　well　as　in　the　indicated　mutants　at　E6．5（f－i）．　Lateral　views　are

shown　fbr　each　embryo，　with　the　anterior　side　on　the　left．　Arrowheads　indicate　regions

negative　for　BrdU　labeling．　The　square　region　in　b　is　expanded　in　b，．Asection

indlcated　by　the　horizontal　bar　of　the　embryo　in　c　is　shown　in　c1；BrdU－positive　or－

negative　nuclei　in　the　VE　are　shown　by　closed　black　and　red　arrowheads，　respectively

（cl）．

Figure　4　Nodal　antagonists　inhibit　and　Nodal　promotes　VE　cell　proliferation．　a－h，　The

VE　of　E5．2　wild－type　embryos　was　transfected皿ilaterally　with　a　GFP　expression

v㏄tor　either　alone　or　together　with　a　test　gene，　as　indicated．　The　numbers　of　GFP－

positive　cells　were　counted　l　2　and　36　h　after　transfection．　Both　differential　inter飴rence

contrast（a－h）and　GFP　fluorescence（aLh，）images　of　embryos　are　shown．　i，　Summary

of　the　percentages　of　embryos　in　which　GFP－positive　cells　replicated　the　indicated

numbers　of　tl　mes　during　the　24－h　period　of　analysis　for　the　three　groups　of　embryos

described　in　a－h．　j，　Effects　of　ectopic　expression　of　wild－type（WT）α批20r　of　a
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dominant　negative（DN）fOrm　of　C㎝20n　DVE　migration．　Host　embryos　were　wild　type

（rows　l－3）or　F6囎H1－／一，ハb4α’aczノ＋（row　4）and　were　analyzed　as　desc亘bed　in　Fi　gure　2a．

The　numbers　of　embryos　showing　1㏄alization　of　Dil　on　the　same　side　or　on　a　different

side　relative　to　that　of　GFP　are　indicated．

Figure　5　A－P　patterning　defects　in　the　absence　of　LeRy　l　and　Cer1．　Cθr1＋／一，　L吻1＋／一（a），

wild－type（b－g），　Cεr1－／一，　Lφy1一仁（h－n，　p），域y戸一（q－t），　and　Cθrr／一（u－x）embryos

were　examined　for・磁x　expression（a，　b，　h，　i），　BrdU　incorporation（c，　d，　j，　k，　q，　u），

ハ化）4α1expression（e－9，1－n，　r－t，　v－x），　and　L幼2　expression（P）at　the　indicated　stages．

Lateral　views　are　shown　for　each　embryo　with　the　anterior　side　on　the　left，　with　the

ex㏄p丘on　that　anterior　views　are　shown　in　b　and　i．　The　planes　of　transverse　sections（f，

g，m，　n，　s，　t，　w，　x）are　indicated　by　the　horizontal　bars　in　e，1，　r，　and　v．　Patterns　of　the　1丘x

expression　domain　are　summarized　for　Cerτ！一，　Lφy1＋／－and　Cθrτノー，　L⑳1一仁embryos　at

B6．O　in　o．　The　numbers　of　embryos　showing　each　pattern　are　indicated．　Green，　the

expression　domain　remains　at　the　distal　tip；light　blue，　it　was　shifted　toward　the　anterior

side；medium　blue，　it　reached　half　way　toward　the　junctioll　between　embryonic　and

extraembryonic　reg輌ons；dark　blue，　it　reached　the　junction．

Fi　gure　6．　Model　for　A－P　determination　by　Nodal　antagonists．

In　the　wild－type　embryo　at　E5．5，　Nodal　signals　in　the　epiblast　and　overlying　VE　regulate

cell　prol　iferation　of　V　E　in　a　symmetric　manner（Step　1；green　arrows　represent　putative

migration　fbrce　generated　by　cell　proliferation）．　Nodal　antagonists（Leカy　1αnd　CerI）in
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DVE　whose　expression　domains　are　already　inclined　toward　the　prospective　anterior

side　start　to　inhibit　the　Nodal　signals　in　the　region　a（Uac6nt　to　the　DVE（step　2）．　Cell

proliferation　wm　be　inhibited　in　the　VE　reg輌ons　that　have　received　the　Nodal

antagonists（step　3）．　This　would　generate　higher　migration　fOrce　on　the　posterior　side

and　induce　the　DVE　to　migrate　toward　the　anterior　side（step　4）．　Mi　gration　of　the　DVE

toward　the　anterior　side　further　establishes　A－P　asymmetries　in　Nodal　signaling　and　cell

proliferation（step　5）．
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S叩Plementary　Infbmlation

Figu民SI　Delayed　migration　of　the　DV　E　in　FoxHI　mutant　embryos．　Expression　of　1泥x

was　examined　by　whole－mount　in　situ　hybridization　in　wild－type（a－e），　FoxH1＋ノー（臼），

FoκH1－／－type　A（k－o），　and　FoxHln°xノー，　Z峨y2－cτθ（p－t）embryos　at　the　indicated　stages

of　development．　Lateral　views　are　shown　for　each　embryo，　with　the　anterior　side　on　the

left．　The　numbers　of　embryos　showing　each　pattern　of他x　expression　are　i　ndicated　in　u

through　x，　respectively，　according　to　the　follow　ing　color　code：orange，仇x　expression

not　detected；green，　expression　domain　1㏄ated　at　the　d輌stal　tip；light　blue，　expression

domain　shifted　toward　the　anterior　side；medium　blue，　expression　domain　reached　half

way　toward　the　j　unction　between　embryonic　and　extraembryonic　regions；dark　blue，

expression　domain　reached　the　junction．　In　wnd－type　embryos（a－e，　u），θ已is

expressed　at　the　distahip　at　E5．5　and　the　expression　domain　begins　to　move　toward　the

future　anterior　side　at　E5．7．　In　some（5／14）FoxH1＋ノーembryos（fコ，　v），　DVE　migration

was　delayed，　so　that　1泥x　was　still　expressed　at　the　distal　tip　at　E5．7．　The　DVE　had

moved　to　the　anterior　side　at　E6．O　in　all　Fox、H1＋／－embryos　examined，　however．

Migration　of　the　DV　E　was　further　delayed　in　the　least　severe　form（type　A）of　FoxH1－／－

embryos（k→，　w）；1カx　expression　was　thus　apparent　at　the　distal　tip　as　late　as　E6．O　and

the　expression　domain　had　begun　to　move　at　E6．2．　The　DVE　did　not　mi　grate　from　the

dist創region　in　the　most　severe　fom（tyl妃B）of　Fox111－／－embryoslo．　In　Fox田n°xl－，

L吻2一αεembryos（p－t，　x），　which　lack　FoxH　l　specifically　in　the　epiblast，　the　1セx

expression　domain　appeared　to　move　normally．　These　results　suggest　that　the　level　of

FoxH　l－mediated　Nodal　signaling　in　the　VE　regulates　migration　of　the　DVE．
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Figure　S21VO友Z　expression　in　Fω〔HI　mutant　embryos．　NOぬ1　expression　was

examined　by　whole－mo皿t　in　situ　hybridization　in　wild－type（a－d），　FoxH1＋／一（e－h），

FoxH1－／－type　A（i－1），　FακH1－／－type　B（m－p），　and　Fox」田伽ノー，ムφy2－cw（q－t）embryos

at　the　i　ndicated　stages．　Lateral　views　are　shown　for　each　embryo，　with　the　anterior　side

on　the　left．　In　wild－type　embryos，　No吻I　is　expressed　throughout　the　epiblast　and

overlying　VE　at　E5．5，　with　the　expression　domain　graduaUy　shifting　to　the　posterior

side　of　the　epiblast　between　E5．7　and　E6．2．　In　FoxH1＋／－embryos，　although　the

localization　of　IVO吻’expression　appeared　normal，　the　level　of　expression　was　reduced

compared　with　that　in　the　wild　type，　consistent　with　the　delay　in　DVE　migration．　In

FoκH1－／－type　A　embryos，　Noぬ1　expression　was　detected　throughout　the　epi　blast　but

was　lost　in　the　VE　between　E5．5　and　E6．0；expression　in　the　epiblast　shifted　toward　the

proximal　and　posterior　side　with　a　delay　at　E6．2．　In　FowH1－／－type　B　embryos，1Vo4αZ

expression　was　undetectable　until　E5．7　as　a　result　of　failure　to　augment　such　expression

in　the　epiblast；ハbぬ’expression　increased　in　the　proximal　epiblast　and　overlying　VE　at

E6．O　but　was　radially　symmetric．　In　FoxHln°x∫一，　L幼2－c肥embryos，　which　lack　FoxHl

expression　in　the　epiblast，　eXpression　of∧b4αI　in　the　VE　appeared　relatively　normal，

whereas　that　in　the　distal　epiblast　had　di　sappeared　or　waned　and　the　asymmetric

expression　in　the　proximal　epiblast　was　delayed　as　in　Fox1〃一／－embryos．
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The　t正ansc正iption　facto正FoxH1（FAST）
mediates　Nodal　signaling　du正ing
antelio正・postelior　patterning　and　node
fo正mation　in　the　mouse

Masamichi　Yamamoto，　Cbikara　Meno，　YaSuo　Sakai，
Yayoi　Ikawa，　Yukio　Sailoh，　and　Hiroshi　Hamada1

Hidetaka　Shiratori，　Kyoko　Mochida，

Division　of　Molecular　Biology，　Institute　for　Molecular　and　Cellular　Biology，　Osaka　University戸CREST，　Iapan　Science

and　Technology　Corporation，　Osaka　565－0871，　Iapan

FoxH1｛FAST）is　a　tmnscliption　factor　tllat　mediates　sigmling　by　transfoming　growth　factor一β，　Activin，　and

NodaL　The　Iole　of　FoxHI　in　development　llas　llow　been　investigated　by　the　generation　and　analysis　of

FoxH　1・deficient｛jFbxH1－／一，　mice．　The　jFb姐1一ノーemblyos　showed　various　patteming　defects　that　recapitulate

most　of　tlle　defects　induced　by　tlle　loss　of　Nodal　signaling．　A　substantial　ploportion　of　jFbxH1－／－emblyos

failed　to　olient　tlle　antelior・posteriol（A・P）axis　corオectly，　as　do　mice　lacking　Cripto，　a　coreceptor　for　Noda1．　In

less　severely　affected矛bxHr／－embryos，　A・P　polarity　was　established，　but　the　primitive　st肥ak　failed　to

elongate，　resulting　in　the　lack　of　a　definitive　node　and　its　derivatives．　Hetelozygosity　for　md㎡肥nders　the

JbxHr／－ Pllenotype　more　severe，　indicative　of　a　genetic　intelaction　between　jFbxHI　andロo∂α1．　The　expression

of　jFbxHI　in　tlle　primitive　endoderm肥scued　the　A・P　patteming　defects，　but　not　tlle　midline　defects，　of

FoxH1－／－mice．　Tllese　results　indicate　tllat　a　Nodal・FoxHI　signalillg　pathway　plays　a　central　role　in　A・P

patteming　and　node　formation　in　tlle　nlouse．

lKθy　Wor∂8：anterior－posterior　patteming；FoxH　1；gastrulation｝Noda1∫mde】

Received　Ianuary　30，2001｝revised　version　accepted　March　28，2001．

Factors　related　to　transforming　growth　factor一β｛TGF一βl

control　multiple　aspects　of　early　development　in　verte－

brates．　One　such　factor，　Nodal｛Zhou　et　a1．19931，　is　a

potent　signaling　molecule　that　is　required　for　specifica－

tion　of　the　anterior－posterior｛A－P｝axis，　formation　of　the

primitive　streak，　and　left－right　patteming｛Schier　and

Shen　2000｝．　In　geneml，　TGF一β一related　factors　initiate　in－

tracellular　signaling　by　interacting　with　type　I　and　type　II

receptors　on　the　cell　surface，　which　in　tum　activate　in－

tracellular　effectors　known　as　Smad　proteins｛Massague

19981．The　activated　Smad　proteins　then　translocate　to

the　nucleus，　where　they　interact　with　tmnscription　fac－

tors　and　thereby　regulate　the　expression　of　target　genes．

Although　the　Nodal　signaling　pathway　remains　to　be

fully　characterized，　genetic　evidence　suggests　that　ALK4

｛ActRIB｝functions　as　a　type　I　receptor　and　that　ActR【IA

and　ActRIIB　serve　as　type　II　receptors　in　this　pathway．

Nodal　activity　is　modulated　by　extracellular　cofactors

that　belong　to　the　EGF－CFC　family　of　proteins｛Gritsman

et　a1．19991，　as　well　as　by　inhibitors　that　belong　to　the

1Colresponding　authoオ．

E・1岨Lllamada＠imcb．osaka・u．ac．ipハFAX　81・6・6878・9846
Article　and　publication　are　at　http：／1www．genesdev．org／cgi／doi！lo．1101／

gad．883901．

Lefty｛Meno　et　al．1999｝and　Cerberus　families｛Piccolo　et

al．1999｝．　Intracellular　effectors　of　Nodal　signaling　most

likely　include　Smad2，　Smad3，　and　Smad4；collsistent

with　this　notion，　Slnad2　mutant　mice　exhibit　eaτly　pat－

teming　defects　that　can　be　explained　by　a　lack　of　Nodal

signaling　in　the　extraembryonic　endoderm｛Nomura　and

Li　1998；Waldrip　et　aL　1998ハHeyer　et　a1．1999｝．

　　The　transcription　factor　FoxH　1｛FAST｝also　mediates

Nodal　signaling．　This　protein　is　a　winged・helix　transcrip－

tion　factor　that　was　initially　identified　in　Xθ刀qρus　as　a

transducer　of　Activin　signaling〔Chen　et　a1．1996｝．　Thus，

FAST－1｛the　FoxH　l　ortholog　in　Xθ刀qρusl　forms　a　com．

plex　with　Smad2　and　Smad4　in　response　to　Activin　and

activates　a　set　of　genes　that　includes　Mlxl　and　goo8θcoゴ∂

〔Chen　et　aL　1997；Watanabe　and　Whitlnan　19991．　How－

ever，　recent　studies　have　revealed　that，　in　cultured　mam－

malian　cells　or　frog　animal　caps，　this　transcription　factor

also　mediates　signaling　by　TGF一β｛Labbe　et　a1．1998；

Zhou　et　al．1998声iu　et　a1．19991　and　Noda1｛Sailoh　et　al．

2000｝．In　particular，　FoxH　l　appears　to　induce　asymmet－

ric　expression　of　1θ∫tア2　in　response　to　Nodal　signaling

｛Osada　et　a12000膓Sailoh　et　al．2000｝．　In　the　mouse，

FoxHI　is　expressed　in　early　embryos｛until　the　early　so－

mite　stage｝but　is　rapidly　down－regulated　as刀o∂α1　ex－

pression　disappears｛Weisberg　et　al．1998；Sailoh　et　al．
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Role　of　FoxHI　in　Nodal　signaling

2000｝、The　expression　patterns　of刀oゴ01　and　FoxHI　thus

appear　to　overlap　with　each　other．　Together，　these　ob－

servations　have　implicated　FoxHl　in　Nodal　signaling．

　　Both　Smad2　and　Smad3　interact　with　a　large　nunlber

of　transcription　factors，　including　TCF，　NFKB，　Mix，　and

Gli〔Whitman　l　998i，　It　has　therefore　remained　possible

that　Nodal　signaling　is　mediated　in　vivo　by　the　interac－

tion　of　Smad　pエoteins　with　transcription　factors　other

than　FoxH1．Different　transcription　factors　also　may　me－

diate　Nodal　signaling　in　different　cell　types．　To　deter－

mine　the　role　of　FoxH　l　in　Nodal　signaling，　we　have

therefore　generated　and　chaエacterized　mutant　mice　that

lack　this　transcription　factor．　The　mutant　embryos　were

shown　to　die　early　during　embryonic　development　and　to

show　various　patterning　defects　that　can　be　explained　by

adeficiency　in　Nodal　signaling．　Our　results　indicate　that

FoxHI　indeed　mediates　Nodal　signaling　during　A－P　pat－

terning　and　node　formation．

Results

Embτyo刀］cηコoτ亡α1ゴ亡y　oアFoxH1－／－mτcθ

To　investigate　the　role　of　FoxH　l　in　development，　we

generated　mutant　mice　that　lack　this　transcription　fac－

tor．　The　FoxHI　gene　is　closely　linked　to　K∫F－C2　in　the

reverse　orientation∫indeed，　these　two　genes　share　a　corn－

mon　3’untranslated　region〔Liu　et　al．1999｝，We　therefore

determined　to　relnove　exon　l　of　FoxH1，　leaving　1ぐ∫F－C2

illtact〔Fig．1A｝．　A　targeting　vector　was　designed　to　inseエt

aFrt－flanked刀εo　gene　and　a　loxP　site　into　the　5’up－

strearn　region　of　FoxHI　and　to　insert　an　additional　loxP

site　into　intron　l．　Two　elnbryonic　stem｛ES｝cell　lines

〔F94，　F128巨hat　had　undergone　homologous　recombina－

tion　were　obtained〔Fig．1B！，　and　the　F94　ES　cells　were

used　to　generate　chimeric　mice．　Exon　l　of　FoxHヱand　the

ココθogene　were　excised　by　crossing　the　chimeric　animals

with　transgenic　mice　expressing　the　Cre　reconユbinase

｛Sakai　and　Miyazaki　1997｝，　resulting　in　the　production　of

FoxH1＋／－offspring｛Fig．1q．　To　generate　a　flox〔flanked

by　loxPI　allele｛FoxHlfl°x｝，　we　treated　F128　ES　cells　with

a　Flp　expression　vector．　One　rcsulting　clone，　Fl2840／

from　whichηεo　had　been　correctly　excised，　was　used　to

generate　mice　with　the　FoxHヱfl°x　allele〔Fig．1q．　Most　of

the　analyses　described　in　the　present　study　focused　on

FoxH1－／－mice．

　　Both　FoxH1＋／－mice　and　FoxHlf1°x／－heterozygous

mice　appeared　normal　and　fertile．　Genotype　analysis　at

weaning　of　progeny　produced　frorn　intercrosses　of
FoxH1＋／－heterozygotes　revealed　the　absence　of　homozy－

gous　mutant　animals，　indicating　that　FoxHヱー／－mutants

die　during　embryonic　development，　The　FoxH1－allele
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Figure　1．　Generation　of　FoxHヱー／－mice，凶

Targeting　strategy．　The　genomic　organiza－

tion　of　FoxHヱis　shown　at　the　top　of　the

pancl．　Theκ∫F－C2　gene　is　closely　linked　to

FoxHヱin　the　oPPosite　orientation，　Holnolo－

gous　recombination　between　the　wild－type

FoxHI　allele〔exons　are　shown　as　purple

solid　boxes！and　the　targeting　vector　gcner－

ates　a　nθo　insertiollal　allele｛FoxHヱnc°｝．　A

null　allcle〔FoxH1りwas　crcated　l）y　subse－

quent　Cre－rnediated　deletion　of　the　indi－

cated　region　Iocated　between　loxP　sites．　A

flox　allele〔FoxHln°x｝was　gencrated　by　Flp－

mcdiated　deletion　of　thc刀θo　cassette　lo－

cated　between　Frt　sites．　B　indicates　BαmHI｝

E，EcoRI）S，　SαcI；X，　X力oI膓DT，　diphtheria

toxin　resistance　cassette．〔B｝Southern　blot

analysis　of　two　correctly　targeted　ES　cell

clones〔F94，　F128｝，　Genomic　DNA　was　di－

gested　with　EcoRI　and　sublected　to　hybrid－

ization　with　the　3’probe　illdicated　in　A．

The　sizes　of　hybridized　fragments　are
shown　in　kilobases．｛qPCR　analysis　of　off－

spring　obtained　fmm　intercrosses　either　of

FoxHr／－heterozygotes〔11PPεr　panel｝or　of

FoxHlf1°x／＋heterozygotes　｛10weτ　palleI｝，

PCR　was　performed　with　a　mixture　of　the

three　primers｛Pl，　P2，　P3｝shown　in　A　or

with　a　Inixture　of　PI　and　P2｛uρραand

low・eτpallels，　respectively｝，　The　sizes　of

PCR　products　are　shown　in　base　pairs．〔Dl

Expression　of　FoxHI　and　H叫mRNA　in
E75　wild－type　and　FoxH］Inutant　embryos

was　examined　by　RT－PCR．　Note　that
FoxHI　lnRNA　was　not　detected　ill　the
FOxHヱー／－cmbワ0．
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Yamamoto　et　a正．

lacking　the　exon　l　is　probably　a　null　allele　because

FoxH1－related　RNA　was　not　detected　in　FoxH1－／－en1－

bryos　by　in　situ　hybridization　with　a　fu11－length　FoxHl

anti－senseprobe〔data　not　shown｝or　by　reverse　transcrip－

tion－polymerase　chain　reaction（RT－PCR；Fig．1D｝，

Vατi・bヱepαttem　defects　in　F・xm＋embry・s

To　characterize　the　embryonic　lethality　of　the　homozy－

gous　FoxHI　null　allele，　we　analyzed　between　eI皿bryonic

day　7．0〔E7．0）and　E　11．51itters　produced　from　heterozy－

gote　intercrosses．　FoxH1－／－embryos　showed　a　variable

phenotype　that　could　be　classified　into　three　types．　Em－

bryos　with　the　type　I〔1east　severe）phenotype　show
marked　axial　defects，　lacking　a　definitive　node　and　no－

tochord．　Embryos　with　the　type　II（intermediate｝pheno－

type　completely　lack　anterior　structures　but　possess　pos－

terior　structures　with　midline　defects．　Embryos　with　the

type　III〔most　severe）phenotype　lack　structurcs　derived

from　the　embryo　proper　as　a　result　of　A－P　patterning

defects元they　thus　resernble　C坤亡o　mutant　elnbryos
｛Ding　et　a1，1998｝，

　　The　three　types　of　FoxH1－／－embryos　were　distinguish．

able　morphologically　at　E8．5〔Fig．2｝，　Type　I　embryos〔65／
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Figure　2．　Three　types　of　FoxHヱー／－embryos　at　E8．5〔A－N｝．　Typical　morphologies　of　wild－typc｛＋／＋｝cmbryos　and　of　three　types　of

FoxHヱー／－mutant　cmbryos　at　E8．5．　Anterior　views　are　shown　in　A，　F，　and　Nl　whercas　latcral　views　are　shown　in　B，　G，　and　K．　The

arrowhead　in　B　indicates　the　position　of　the　node．　Although　the　type　I　embryo　Iacks　a　node，　the　corresponding　posltlon　is　indicated

by　the　arrowhead　ln　G．　The　aHowhead　in　F　denotes　a　fused　singlc　head，　which　is　characteristic　of　type　I　mutant　embryos，　A　close－up

ventral　view　of　the　type　II　elnbryo　in　K　is　shown　in　L，　highlighting　the　fused　somites．　Sections　of　the　wild－type　and　typc　I　embryos　arc

shown　in　C－E　and　H一万respectively．　The　planc　of　each　sectiorl　is　indicated　in　B　and　G．　Sections　C　and　H　are　at　the　level　of　the　primltlve

streak，　Sections　D　and∫are　at　the　level　of　the　node．　Transversc　scctions　were　all　oricnted　with　anterior　to　the　top，　Thc　type　I　cmbryo

possesses　a　primitive　streak〔司but　lacks　a　node団and　axial　tissuesω．　Fused　somites　of　a　type　II　cmbryo　arc　apparent　ln　the　section

shown　in　M．　The　cmbryos　shown　in　O－Q　are　rare　examples　of　the　most　severe｛Sm必2－／一一like｝phenotype　observed　for　FoxH］一／－

embryos　at　E85〔q　or　E7．5｛P，　Ql，　A　frontal　section　of　the　embryo　in　P　is　shown　in　Q．　Endoderm　cells　are　abnormal　in　that　those　in

the　embryonic　region　are　columnar，　an　extraembryonic　characteristic〔P，　Q）．　The　embryonic　ectoderm　is　absent，　but　mesoderm－1ike

cells　are　present　inside〔◎．　ms　indicates　mesoderm｝nd，　node／np、　neural　plate｝nt，　notochoエd∫ps，　primitive　strcak｝so，　somites；and　ys，

yolk　sac，　Scale　bars　indicate　500μm　with　thc　exception　of　thosc　in　C，　D，　H，　and∫，　which　represent　lOOμm．
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Role　of　FoxHl　in　Nodal　signaling

1520f　FoxHヱー／－embryos，43％｝showed　a　single，　narrow－

fused　head　structure，　or　pinheadlike　morphology｛Fig．

2F，q．　In　transverse　sections，　the　primitive　streak　was

detected｛Fig，2H｝，　but　midline　structures　such　as　the

node、　prechordal　plate，　notochordal　plate－notochord，

and　floor　plate　were　missing〔Fig．21，1〕．　The　neural　plate

was　unfolded　and　markedly　thickened〔Fig．21川、　and　ec－

topic　ingression　of　nlesoderm　was　apparent　between　the

neural　plate　and　the　primitive　endodeml｛Fig．21｝，

Somites　had　forlned，　but　they　were　fewer　in　number　than

in　wild－typc　embryos　and　were　fused　in　the　midline．

Type　II　mutant　embryos〔31／1520f　FoxH1＋embryos，

20％）showed　severe　anterior　truncation∫they　com－
pletely　lacked　anterior　structures，　such　as　the　head　fold，

and　instead　manifested　accumulation　of　cells　in　the　dis－

tal　region〔occasionally，　a　beating　heart－like　structure

was　observed｝，　Extraembryonic　tissues　such　as　the　am－

nion　and　allantois，　which　were　absent　in　type　III　em－

bryos，　were　properly　formed〔Fig．2K｝、　The　posterior　por－

tion　of　the　embryo　was　formed　but　showed　severe　mid．

1inc　defects．　Thus，　several　somites　had　formed，　but　they

were　fused　across　the　midline〔Fig．2K－M）．　Type　III　em－

bryos〔52／1520f　FoxH1一ノーembryos，34％）showed　no

signs　of　development　of　the　embryo　proper　and　showed　a

balloon－！ike　morphology　at　this　time〔Fig2N．　The　em－

bryo　proper　was　recognized　as　a　small　cell　mass　located

outside　the　yolk　sac．　In　contrast，　the　yolk　sac　apPeared

relatively　norma1；it　consisted　of　endodermal　and　meso－

thelial　layeエs　and　contained　blood　islands．　However，

other　components　of　extraembryonic　tissue，　such　as　the

chorion，　amnion，　and　allantois，　were　not　observed，　sug－

gesting　that　the　A－P　axis　was　not　properly　formed．　Rare

embryos〔4／1520f　FoxH1－／－embryos，3％｝showed　rela－

tively　normal　extraembryonic　components　with　no　em－

bエyo　proper（Fig．20－Q｝and　therefore　resembled∫mod2

mutant　embryos〔Waldrip　et　a1．1998｝．

　　Three　types　of　FoxH1－／－embryos　were　also　distin－

guishable　on　the　basis　of　thしrmorphology　at　E7．5．　At

this　stage，　mutant　embryos　showed　various　degrees　of

constriction　at　the　extraembryonic－embryonic　junction

〔Fig．3｝．　Mutant　embryos　that　showed　this　constriction

also　manifested　histological　anomalies．　In　normal　em．

bryos，　endoderm　cells　in　the　extraembryonic　region　are

cuboidal　and　contain　apical　vacuoles，　whereas　those　in

the　embryonic　region　are　squamous．　In　the　mutant　em－

bryos　with　the　most　marked　constエiction，　however，　en－

doderm　cells　in　both　the　embryonic　and　extraembryonic

regions　are　cuboidal　and　contain　apical　vacuoles　〔Fig．
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Figure　3．　Morphology　of　FoxHヱー／－embryos　at　E7．5　and　their　subsequent　development　in　vitro．　Three　types　of　FoxH1－／－embryos　at

E7．5　showed　no〔D｝，　mild団，　or　severe囲constriction　at　the　extraembryonic－embryonlc　lunction．　Transverse　sections　at　the　level　of

the　extraembryonic　region〔凡F、K｝，　the　proximal　embryonic　region｛B，G，L｝，　and　the　distal　embryonic　region〔C，H，M｝aエe　shown　for　each

type　of　embryo．　Embryos　recovered　at　E7，5　were　cultured　in　vitro　for　an　additional　24　h｛E，1，αEmbryos　that　showed　no　iD），　mild〔∫｝，

0r　severe〔N｝corlstriction　at　E7．5　developed　the　type　I｛五｝，　type　II〔刀、　and　type　III〔0｝morphologies，　respectively．　Scale　bars　indicate　200

μmwith　the　exceptlon　of　those　in　E，1，　and　O，　which　represent　500μm．　al　indicates　allantols；ec，　embryonic　ectoderml　ms，　mesoderm；

ve，　visccral　endoderml　ys／yolk　sac．
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Yamamoto　et　a1．

3K－M1．　Furtheエmore，　whereas　the　mesoderm　layer　was

present　in　the　extraembryonic　region｛Fig．3Kl，　the　nor－

rnal　organized　structure　of　the　ectoderm　and　mesoderm

was　not　apparent　in　the　embryonic　region〔Fig．3L，岡．

Such　histological　anomalies　were　not　detected　in
FoxHヱー／－embryos　that　did　not　show　a　constriction〔Fig．

3A－q．　Mutant　embryos　in　which　the　constriction　was

apparent　but　not　pronounced　showed　relatively　orga．

nized　structures，　although　mesodernlal　cells　accumu－

lated　near　the　lunction　between　the　elnbryonic　and　ex．

traembryonic　regions｛Fig．3F－HL

　　To　determine　the　re！ation　between　the　defects　appar．

ent　at　E7．5　and　those　observed　at　E8，5，　ernbryos　were

エecovered　at　E7．5　and　allowed　to　develop　in　vitro　for　an

additiona124　h．　Embryos　showing　a　severe　constriction

at　E7．5｛Fig，3N　developed　the　type　III　morphology　after

culture　in　vitro〔Fig。30｝．Those　showing　a皿ild　constric．

tion｛Fig．31｝developed　the　type　II　morphology｛Fig，31｝，

Finally，　FoxHr／－embryos　showing　no　constriction　at

E7．5〔Fig．3D】developed　the　type　I　morphology｛Fig，3E｝．

Therefore，　embryos　at　stages　earlier　than　E85　will　here－

aftcr　also　be　referrcd　to　as　type　I，　II，　or　III，　accordingly．

Impaircd　oτientαtion　ol　the　A－Pαxis　in　type　III

F・xHr／一θmbτy・s

The　constriction　at　the　extraembryonic－embryonic　lunc．
tion　of　type　III｛and，　to　a　lesser　extent，　of　type　II｝FoxH1＋

embryos　at　E7．5　is　reminiscent　of　the　constriction　that　is

acharacteristic　feature　of　HNF3β／FoxA2（Ang　and　Ros－

sant　1994；Weinstein　et　al，1994｝，　Lゴm　1｛Shawlot　and

Behringer　199引，0亡x2〔Acampora　et　al．1995；Matsuo　et

al．1995；Ang　et　al．1998｝，　arld　120∂01｛Varlet　et　al．1997｝

mutants，　all　of　which　show　defects　in　anterior　specifica．

tion　caused　by　ilnpaired　functioll　of　the　anterior　visceral

endoderm｛AVE｝，　We　therefore　examined　type　III｛and

type　II｝embryos　for　several　AVE　markers．

　　In　normal　embryos　at　E5．5，　two　AVE　Inarker　genes／

Hεxand　le∫亡y1，　are　initially　expressed　in　the　visceral

endoderm　at　the　distal　tip｛Thomas　and　Beddington
l996芦Thomas　et　al．1998；data　not　shownl．　The　visceral

endoderm　cells　expressing　these　genes　subsequently　mi－

grate　anteriorly　to　form　the　AVE　by　E65．　Thus，　Hεx，

Cθτ一］，Hθsxヱ，　and　le∫亡yl　are　all　expressed　in　the　AVE　at

E675〔Fig．4A，D，H，N｝．　In　contrast，　Bτoc加ロτアis　initially

expressed　in　the　proximal　epiblast，　but　its　expression

domain　subsequently　rnoves　to　the　posterior　side　at　E6．5

and　marks　the　primitive　streak〔Fig．4A｝．　These　comple－

mentary　cell　movements　establish　A，P　polarity．

　　In　type　III　FoxH1＋embryos，　however，　Hθx－expressing

cells　remained　in　the　distal　region　at　E6．75，　with　no　evi－

dence　of　movement　toward　the　future　anterior　side｛Fig．

4Bl．　Cετ一1（Fig．4E｝，　Hθsx1｛Fig．41｝，　and　Lゴm－1〔data　not

show∋were　also　expressed　in　the　visceral　endoderm　at

the　distal　tip　at　this　time，　indicating　that　the　AVE　is

incorrectly　forrned　in　the　distal　region，　Conversely，　the

Bτoc毎ロτy　expression　domain　failed　to　rnove　to　the　pos－

terior　side，　remaining　in　the　proximal　epiblast〔Fig．

4B，E，1、q．0亡x2　expression　in　the　visceral　endoderm　was

maintained　in　the　mutant　embryo〔Fig．4L｝．　The　expres一
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rigure　4．　Misorientation　of　the　A－P　axis　in　type　III　FoxH1－／－

embryos．　Expression　of　various　AVE　marker　genes　was　exam－

ined　by　wholemo皿t　in　situ　hybridization　in　wild－type｛＋1＋l

embryos　and　in　each　of　the　three　types　of　FoxHヱー／－mutant

embryos　at　E6，75．　Probes　were　specific　for　Hcx〔A－q，　Ccr－1

〔D－q，Hesx－1｛H－1｝，0亡x2｛K－M｝or　1θ∫奴ヱ〔N－P〕transcripts．　The

probe　for　Bτoc加uτy　was　also　included　in　the　indicated　samples．

Lateral　views　are　shown　for　each　embryo，　with　the　anterior　sidc

on　the　left．　Scale　bars：200μm．

sion　of　1θ∫亡yヱin　the　visceral　endoderm　was　abolished　in

the　type　III　mutants〔Fig，40｝ノindicating　that　1θ∫亡yl　ex－

pression　in　the　endoderm　may　normally　be　induced　by　a

Nodal－FoxHI　signaling　pathway．

　　We　also　examined　the　type　III　embryo　at　E7．25．

Whereas　Bταc妙uτy　expression　remained　in　the　proximal

epiblast〔Fig．5q，　expression　of　goosecoi∂，　which　marks

the　anterior　pエimitive　streak　at　this　stage，　was　lost｛Fig．

51｝．FoxA2　expression，　which　also　marks　the　anterior

primitive　streak，　was　absent，　but　its　expression　in　the

visceral　endoderm　was　maintained｛Fig．5L，M｝．　Further－

more，　expression　of　le動2，　a　marker　for　the　nascent　me．
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Figure　5．　Defective　morphogcnesis　of　thc
primitive　strcak　ln　FoxHヱー／－embryos．　Expres－

sion　of　various　marker　genes　for　the　phmitive

streak　was　examined　by　whole－mount　in　situ

hybridlzation　ip　wlld－type｛＋／＋）e皿bryos　as
well　as　in　type　II⊥and　type　I　FoxHヱー／－embryos

at　E7．25．　Probcs　were　specific　for　Broc1ユyuτy

｛A－C、，1elty2旧一F！，　goosecoid　I　

G－l！，　or　FoxA2

｛1一勾transcripts．　Lateral　views　are　shown　for

each　embryo，　with　the　arlterior　side　on　the　left．

Atransverse　section　at　the　plane　indicatcd　ln

田are　shown　in〔閲．　FoxA2　expression　was
maintained　in　the　endoderm　of　the　type　III　mu－

tant　embryo，　Scale　bars：200μrrl．

soderm，　was　also　absent〔Fig，5F｝ノindicating　the　lack　of

the　primitive　streak　O亡x2，　which　is　initially　expressed

before　gastrulation　throughout　the　epiblast　and　becornes

restricted　to　the　anterior　third　of　the　embryo　by　E7．5

｛Ang　et　al．1994｝，　was　widely　expressed　in　the　ectoderm

layer　of　type　III　embryos　at　E7．5｛data　not　shownl．　These

results　indicate　that　proximal－distal〔P－D｝polarity　is

properly　established　in　the　type　III　mutants　but　that　this

polarity　is　not　converted　to　the　A－P　axis．　Incorrect　ori－

entation　of　the　A－P　axis　is　likely　caused　by　impaired

movement　of　the　distal　visceral　endoderm．　Consistent

with　this　notion／sagittal　sections　of　type　III　embryos

〔such　as　the　one　shown　in　Fig．4E｝revealed　a　marked

accumulation　of　endoderm－1ike　cells　at　the　distal　tip

（data　not　shown｝．　These　defects　aエe　highly　similar　to

those　of　C吻亡o　mutants｛Ding　et　a1．1998｝，　but　with　one

important　difference：Anterior　neural　fates｛B∫1－and
E刀1－expressing　cells｝are　induced　in　the　distal　region　of

Gτψ亡omutants〔Ding　et　al．1998匝ut　not　in　the　corre－

sponding　region　of　type　III　FoxHヱー／－embryos｛data　not

shown｝．　The　visceral　endoderm　cells　at　the　distal　end　are

enlarged　in　C坤‡o　mutants〔Ding　et　al．1998｝，　whereas

massive　endoderm　cells　accumulate　in　type　III　FoxHヱー／－

mutants｛Fig．4El，

　　Type　II　embryos　show　similar　but　less　severe　pheno．

types　at　this　stage　of　development．　The　expression　of

Geτ一1　in　the　visceral　endoderm　at　E6．75　was　down－regu－

1ated；the　expression　domain　of　this　gene　was　apparent

on　the　future　anterior　side　but　was　located　closer　to　the

distal　tip　than　in　wild－type　embryos〔Fig．4q．　These　re－

su！ts　indicate　that　A－P　patterning　is　partially　impaired

and　that　the　AVE　is　not　fully　functional　in　type　II　em－

bryos，　which　lil（ely　explains　why　they　lacl〈anterior

structures．　In　contrast，　type　I　embryos　showed　normal

expression　patterns　for　Bτochyロry　｛Fig、4C，F，1，P｝，　Hθx

〔Fig．4C｝，　Cθτ一ヱ〔Fig，4F｝，　Hθsxl（Fig．41｝，　and　O亡x2〔Fig．

4M｝but　had　lost　1θ∫亡yヱexpression　in　the　AVE（Fig．4P）．

Fαiヱure　ol　primitivc　streαk　eヱongαtion　md　lロck

・＞the　n・de］n　type　l　F・xH1＋mutαnts

Histological　examination　indicated　that　type　I　FoxH1－／－

embryos！ack　a　definitive　node，　prechordal　plate，　and　no－

tochordal　plate－notochord｛Fig．2H－IL　To　confirm　these

observations，　we　examined　the　expression　at　E8．50f　Sロノ

Bτoc毎ury，　and　HNF3βgenes　that　are　normally　ex－
pressed　in　the　node　and　its　derivatives　at　this　stage｛Fig・

6A，C，E、1｝．　In　type　I　mutants，　the　expエession　of　S口〔Fig．

6B，D｝and　HNF3β｛Fig．61）was　completely　lost，　and　on！y

sparse　expression　of　Bτoc五yury　was　apParent　at　the　an－

terior　midline〔Fig．6F｝，　indicating　a　deficiency　of　node－

derived　tissues，　Type　I　embryos　develop　a　single　fused－

head　structure〔pinhead｝and　specifically　lack　the　most

rostral　portion，　the　forebrain．　Thus，∫ゴx3　expression，

which　is　a　marker　for　the　forebrain〔Fig．6L｝，　was　abol－

ished　in　type　I　mutants〔Fig．6M｝，　whereas　O亡x2　expres－

sion，　which　marks　the　forebrain　and　midbrain｛Fig．6図，

was　detected　in　these　mutants（Fig．60｝，　In　normal　eln－

bryos，　Fg∫8　is　expressed　in　the　forebrain，　midbrain－hind－

brain　lunction，　and　posterior　streak　at　this　stage〔Fig．6C；

Crossley　and　Martin　1995｝．　In　type　I　embryos，　however，

Fg∫8　expression　in　the　most　anterio杜egion　was　not　ap－

parent，　although　the　other　expression　domains　were　pre－

served｛Fig．6H｝，　The　lack　of　the　forebrain　is　likely　be－

cause　of　the　absence　of　the　prechordal　plate，　insufficient

function　of　the　AVE，　or　both．　Truncation　of　anterioエ

structures　is　more　severe　in　type　II　embryos．　Thus，　Otx2

expression〔Fig．6P｝and　HNF3βexpression　in　the　mid－

line｛Fig．6K｝are　al〕sent．

　　To　investigate　the　mechanisms　by　which　the　absence

of　FoxHI　results　in　the　failure　of　node　formation，　we

examined　the　primitive　streak　of　type　I　embryos　at　ear－

lier　stages．　During　normal　gastrulation／Bτoc毎uτy　is　ex－

pressed　in　the　entire　primitive　stエeak，　and　its　expression

donlain　extends　anteriorly　with　the　extension　of　the
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Figure　6．　Midline　defects　in　type　I　FoxH］一〆－embryos．　Expressi皿of　various　midline　markers　and　forebrain　markcrs　in　wild－type（＋／＋｝

and　FoxH1＋mutant　embryos　was　examined　at　E85　by　whole－mount　in　situ　hybrldization，　Probes　were　specific　for　5h力IA－D｝，

Bヱoc加uτy〔E，F｝、　Fg∫8〔G，司，　FoxA2〔∫－1ぐ｝，∫ゴx3〔L，叫，　orαx2｛N－Pl　transcripts，　All　rnutant　embryos　are　type　I　wlth　the　exception　of

those　shown　in　K　and　P，　which　are　type　II．　Lateral　views　arc　shown　for　each　embryo　with　the　anterior　side　on　the　left，　except　that

posterior　views　are　shown　for　C　and　D，　The　arrowheads　in　A　and　B　indicate　the　notochord．　The　arrowheads　and　arrows　in　C　and　D

indicate　the　node　and　definitive　endoderm，　rcspectively．　The　arrowhead　in　G　indicates　an　Fg∫8　expression　domain　in　the　forebrain，

which　was　lost　in　H．　In　type　II㈹and　type　I〔刀mutant　cmbryos，　FoxA2　expression　is　absent　in　the　definitivc　endoderm　but　is　apparent

in　the　yolk　sac〔arrowheads｝．　Scale　bars：500μm．

streak〔Fig．5A；Kispert　and　Herrmann　1994｝．　In　type　I

mutants，　the　Bταc1ヱyuτy　expression　domain　was　loca1－

ized　to　the　posterior　side，　but　it　failed　to　elongate　ante－

riorly　or　distally｛Fig．5B｝．　The　expressiorl　of　goo5θco招

and　FoxA2，　which　marks　the　anteエior　primitive　streak　at

this　stage　in　normal　embryos｛Fig，5GJ；Sasaki　and

Hogan　1993；Ang　and　Rossant　1994∫Weinstein　et　al．
1994｝，was　also　examined．　In　the　mutant　embryos／goosθ．

coi∂expression　was　greatly　reduced　and　observed　in　the

posterior－proximal　region　of　the　embryo　proper〔Fig．5H｝．

The　expression　of　FoxA2　was　also　down－regulated　and

detected　in　the　proximal　region　of　the　embryo　proper

（Fig．5K｝，　indicating　that　the　anterior　primitive　streak

was　not　properly　specified，　The　expression　of　1ε∫亡y2，

which　marks　nascent　mesoderm　generated　fエom　the
primitive　streak｛Fig．5Dl　Meno　et　al．1997｝，　was　also

rnarkedly　down－regulated　in　type　I　mutants（Fig，5E）．

Given　that　1θ∫亡y2　expression　is　induced　by　a　Noda1－

FoxHI　signaling　pathway，　at　least　in　the　lateral　plate　at

the　early　somite　stage｛Sailoh　et．　al，2000｝ノthis　down一

エegulation　of］θ∫亡y2　mayエesult　directly　from　the　loss　of

Nodal　signaling，　Together，　these　results　indicate　that

formation　of　the　primitive　streak　is　initiated　in　type　I

ernbryos／but　the　anterior　portion　of　the　streak　is　not

properly　specified，　resulting　in　node　agenesis．

Ge丑ε亡ゴc　i斑θmc亡jon　bθ亡weeηFoxHl　o刀∂nodal

The　expression　ofηo∂01　is　induced　by　a　Nodal－FoxHl

signaling　pathway，　at　least　in　certain　aspects　of　develop－

ment，　such　as　left－sided　expression　of　this　gene　in　the

latera！plate　at　the　early　somite　stage〔Osada　et　a1．2000；

Saijoh　et　aL　2000｝．　Expression　of刀o∂oヱin　the　posteエior－

distal　ectoderm　during　gastrulation　also　may　be　regu－

lated　by　a　FoxH　1－dependent　enhancer〔Norris　and　Rob－

ertson　1999｝．We　therefore　examined　no∂01　expression　in

FoxHr／－embryos　with　the　use　of　in　situ　hybridization．

In　wild－type　elnbryos，　this　gene　is　initially　expressed

throughout　the　epiblast　and　in　the　underlying　primitive

endoderm　at　E5．5，　but　its　expression　in　the　epiblast　be－

comes　progressively　restricted　to　the　posterior　region

〔Fig．7A膓Vaエlet　et　a1．1997｝．　The　expression　ofηo∂07　dis－

appears　from　the　AVE　at　E6．75，　but　it　is　maintained　in

the　lateral　and　posterior　portions　of　visceral　endoderm．　It

disappears　from　the　posterior　ectoderm　and　the　visceral

endoderm　at　E7．25　and　then　begins　in　the　prospective

1248 GENES＆DEVELOPハ1ENT



Role　of　FoxHl　in　Nodal　signaling

FoxH　

T／一

　　Wild－type

A
　　　Wpe　l

B

　　　　　lacひ
noda｛

F

饗｝

績

｛：OX｝一｛1－／一

nodar／＋

FoxH望一／一

nodaヂacZ／＋

1翠
鶴

　　　Wpe川

C、

　　　　　　「A

罐㌧．．．

騨宇

一
D

一 藪ゼ

E

嶋

　　　　　　一／－

　　　　　　　llke

Figureフ．　Genetic　lnteraction　between
FoxHヱand　no∂α1．　The　expression　of刀odol

in　wild－type｛刷，　type　I　FoxHヱー／一｛B｝，　and

type　III　FoxHヱー／一 〔q　embryos　was　exam－

ined　at　E7．O　by　whole－mount　in　situ　hy－

bridization，　In　type　I　embryos，且o也I　ex－

pression　was　greatly　reduced　and　was　con－

fined　to　the　proximal　posterior　ectoderm

lB），　In　type　III　embryos〔q，ηoぬ1　expres－

sion　was　down－regulated　and　remained　at

the　rim　of　the　proximal　epiblast．　The　fre－

quencies　of　type　III，　type　II，　type　I，　and

Smo∂2－／一一like　phenotypes　were　also　deter－

mined　for　FoxHヱ＋、刀o∂01＋／＋〔UPPετb⇒

and　FoxHヱー／一，且o∂α11acz／＋｛10wαb司em－

bryos　at　E8．5聞．　The　total　numbers　of　the

embryos　examined　are　l52　and　28　for
FoxH1－／一，刀o面1＋／＋and　FoxH1－／一，m∂α11acz／＋、

respectively．　Most　FoxH1＋μ∂011acz〆＋

embryos　showed　the　type　III　morphology．

Staining　forβ一galactosidase　activity　is　also

shown　for　FoxH1＋／＋，刀odo／lacz／＋〔D〕and

F・xHヱ＋，η鋤11acz／＋〔珂embry・s　at　E7．0，

Scale　bars二200　pm．

node．　In　type　III　FoxH1一たembryos，　however，刀o也1　ex－

pression　was　down－regulated　and　remained　at　the　rim　of

the　proximal　epiblast　at　E7．0，　without　being　shifted　to

the　posterior　side｛Fig．7q．　In　type　I　embryos，　the　abun－

dance　of　no∂01　mRNA　was　also　reduced〔Fig．7B｝；the

刀odol　expression　site　was　shifted　to　the　posterior　side

but　was　localized　more　proximally　than　in　wild－type　em－

bryos．　The　down－regulation　of刀o∂01　appaエent　in
FoxH1－／－embryos　indicates　that　the　expression　of　this

gene　in　the　epiblast　is　maintained　by　a　positive　autoregu－

latory　loop　that　includes　FoxH1．

　　We　also　examined　the　potential　genetic　interaction　be．

tween　FoxHl　and刀odoヱby　crossing　FoxHヱand刀oぬ11」cz

mutants〔Collignon　et　al．1996｝．　Double　heterozygotes
〔FoxH1＋／一，no∂011acz／＋i　appeared　normal　and　were　crossed

with　FoxHヱ＋／－mice．　The　phenotype　of　the　resulting

FoxH1－／一，刀o∂011acz／＋embryos　was　more　severe　than
that　of　FoxHヱ＋，刀o∂01＋／＋embryos〔Fig．7F｝．　Thus，　most

｛24／28，86％｝of　the　FoxH1－／一，刀o∂011acz／＋embryos　exam－

ined　at　E8，5　were　type　III，　manifesting　A－P　patterning

defects；the　remaining　embryos〔4／28，14川resembled
∫m必2mutant　embryos，　similar　to　the　FoxH1－／－mutant

shown　in　Figure　20，　As　expected，刀o也1　expression，

which　was　monitored　on　the　basis　of　the　activity　of　the

刀o∂α］lacz　allele，　remained　in　the　proximal　epiblast　at

E7．O　in　all　FoxHヱー〆，刀o∂011‘1しz／＋embryos　examined〔Fig．

7E｝．

Rescue　of　A－P　pαtterning　defects，　but　not　mldヱine

defects，　in　FoxH　

r／－cmbryos　by　cxpression　of　FoxH1

］刀θx亡rαenユbτyo刀ゴc杜s∫ロεs

We　next　examined　whether　FoxHI　isエequired　in　the　epi－

blast　lineage　or　in　the　extraembryonic　lineage，　including

the　primitive　endodem1．　The　FoxHヱgene　was　specifi一

cally　deleted　from　the　epiblast　with　the　use　of　the

FoxHlf1°x　allele　and　transgenic　mice　that　express　Cre　in

the　epiblast　and　its　derivatives　but　not　in　the　primitive

endoderm．　The　Cre－expressing　transgenic　mice　harbor

ヱψy2一αθ，　a　fusion　construct　comprising　theαe　gene

linked　to　the　5．5－kb　upstream　region　of　1ψy2〔Fig．8A｝．

When　linked　to　the　locZ　gene，　the　55kb　upstream　re－

gion　of　le∫亡y2　confers　expressi皿in　the　nascent　meso－

derm　at　E6．5　to　E7．O　and　in　the　left　lateral　plate　meso－

derm　at　E8．25〔Sailoh　et　al．1999i．　However，　one　le∫亡y2－

Crθ　tエansgenic　line　（21B｝showed　epiblast－specific

expression　of　Crθbetween　E5．5　and　E8．0｛1θ∫亡y2　is　not

expressed　in　the　epib！ast｝．　Thus，　crossing　of　line　21Bani－

mals　with　mice　that　haエbor　a　Cre－sensitive　locZ　reporter

gene（Sakai　and　Miyazaki　1997｝yielded　embryos　harbor－

ing　both　1ε∫亡y2－Cτθand　theヱocZエeporter　gene　that

showedβ一galactosidase　activity　throughout　the　epiblast

lineage　but　not　in　the　extraerrlbryonic　tissues，　including

the　primitive　endoderm，　both　at　E6．5｛Fig．8B，qand　E7．0

〔Fig．8D，E｝．

　　We　crossed　FoxH＋／－animals　harboring　the　Cτθtエans－

gene　with　FoxHlf1°x／fl°x　mice　and　genotyped　the　result－

ing　embryos　by　PCR　analysis　of　yolk　sac　DNA．
FoxHlf1°x／一，ヱθ∫亡y2一αθembryos　were　first　examined　at

E8．5；most〔15／16，94％｝of　these　embryos　showed　the

type　I　phenotype，　having　a　single　fused　head〔Fig．8ハーL｝．

We　also　examined　FoxHlfl°x／一，1θ∫亡y2－Cτεembryos　at　an

eaエ1ier　stage〔E7．0｝．　Again，　they｛3／3｝showed　the　type　I

morphology，　showing　normal　Ceτ一1　expエession　in　the

AVE　region〔Fig．8Nいype　III　embryos　showing　Cθτ一1

expression　at　the　distal　end（such　as　the　one　shown　in

Fig．4B｝were　not　detected〔0／3｝at　this　stage．　Unexpect－

edly，1e∫亡yl　expression　in　the　visceral　endodeエm　was　lost

in　the　epiblast－specific　FoxHI　mutant　embryos〔Fig．8P！，

indicating　that　the　expression　ofヱθ∫亡yl　is　induced　by
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Figure　8．　Midline　defects　but　normal　A－P　patterning　in　embryos　with　epiblast－specific　deletion　of　FoxHヱ．　The　structure　of　the

1ψy2一αθtransgene，　in　whichαθis　linked　to　thc　5、5－kb　upstrcam　region　of　mouse　1ε∫亡y2，　is　shown　m　A　Mice　harboring　this

transgene〔line　21B｝were　crossed　with　mice　that　expressヱ∠lcZ　in　response　to　Crc．　Embryos　containing　bothヱθ∫亡y2一αθand　the　locZ

reporter　gene　were　stained　forβ一galactosidase　activity　at　E6．5〔B，qand　E7．0｛D，E｝アtエansvcrse　sections　at　thc　planes　indicated　in　B　and

Darc　shown　in　G　and　E，　respectively．　At　both　stagcs，　staining　is　apparent　in　the　epiblast　but　is　absent　from　the　remaining　portlons

of　the　embryo．　Expression　of　FoxHヱwas　examined　in　the　wild－type　embryos　by　whole－mount　in　situ　hybridization　at　E6．5｛F，　q　and

E7．0〔H，∫いransverse　sections　at　the　plancs　indicated　in　F　and　H　are　shown　in　G　and∫，　respcctively．　A　FoxHヱE1°x／－embryo　harboring

theヱθ∫亡y2－Cτe　transgene　examined　at　E8．5　showed　typical　type　I　morphology，　with　a　fused　head〔1，1（｝．　Antcrior　and　lateral　vicws　of　the

same　embryo　are　shown　in　l　and　K，　respectively．　The　frequencies　of　type　III，　type　II，　type　I，　and　Smo∂2－／一一11ke　phenotypes　are　shown

for　FoxHヱー／一｛uppθτboτ｝and　FoxHヱH°x／一ヱθ∫砂2－Cτc〔10weτboτl　embryos　at　E8．5〔劫most　of　the　FoxHIfl°xノー，1θ∫亡y2－Grεcmbryos　showcd

the　type　I　morphology，　The　total　rlu皿ber　of　the　FoxHヱfl〔）x／一，／θ∫亡y2－Cτθembryos　examincd　is　l　6．　Expression　of　Cθτ一1（M，N｝and　le∫亡y1

｛0，P｝was　examined　in　wild－type〔＋／＋｝and　FoxHlfl°x／一，1杉∫亡y2－Cτθembryos　at　E7．0；the　FoxHIfl°x／一，1c∫亡ア2－Cτ¢embryos　showed　a

normal　Cθτ一1　expression　pattern〔N｝but　had　lost　1θ∫τy］expression　in　the　AVE｛P｝．　Scale　bars　indicate　200μm　with　the　exception　of

those　in∫and　1く，　which　represent　500μm．　ec　indicates　embryonic　ectoderm；ve，　visceral　endoderm．

FoxH1－dependent　signals〔most　likely，　Nodal　signals｝de－

rived　from　the　epiblast．　Type　II　embryos　were　not　de－

tected　at　either　E8．50r　E7．0．　These　results　indicate　that

the　presence　of　FoxHI　in　the　primitive　endoderm　is　able

to　rescue　the　A－P　patterning　defects　of　type　III　and　type　II

embryos　but　not　the　anterior　primitive　stエeak　defects　of

type　I　embryos．

　　We　also　examined　chimeric　embryos　that　were　gener－

ated　by　inlecting　FoxH1＋／＋ES｛ROSA26｝cells　into

FoxHヱー／－blastocysts〔Fig．9｝，Among　such　chimeras　with

extensive　colonization　of　ROSA26　ES　cells，　about　a　half

of　them〔519）showed　severe　A－P　patterning　defects　char－

acteristic　of　type　III　phenotype〔Fig．91，KL　In　the　ren〕ain－

ing　chilneric　embryos，　midline　defects　were　mostly　res－

cued｛Fig，9E－Ii．　Thus，　the　node　and　notochordal　plate

were　formed〔data　not　shown｝，　and　somites　on　the　both

sides　were　separated　by　the　midline｛Fig，91｝．　The　neural

plate　was　folded　along　the　A－P　axis〔Fig．9q，　but　the

most　rostral　part　of　the　neural　plate　remained　unfolded

〔Fig．9H｝．　Therefore，　inlection　of　wild－type　ES　cells　could

rescue　midline　defects　but　failed　to　rescue　A－P　pattern－

ing　defects，

　　These　results　indicate　that　FoxH　l　in　the　primitive　en－

doderm　is　required　for　A－P　patteming，　whereas　FoxHI　in

the　epiblast　is　essential　for　primitive　streak　formation．

The　expressiorl　pattern　of　FoxHI　is　consistent　with　this

notion；FoxHI　was　expressed　both　in　the　visceral　endo－

derm　and　in　the　epiblast，　but　not　in　the　extraembryonic

エegion，　of　wild－type　embryos　at　E6．5　to　E7．0〔Figs．8F－1｝．

Therefore，　among　the　nonepiblast　tissues，　it　is　most

likely　in　the　visceral　endoderm　that　FoxHI　plays　a　role

in　A－P　patterning、

Discussion

Our　analysis　of　FoxHI　mutant　mice　indicatcs　that
FoxHI　is　the　malor　transcriptional　transducer　of　Nodal

signaling　in　early　development．　This　transcription　factor

1250 GENES＆DEVELOPMENT
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Fig。・e　9．　R・・cu・・f　midli・・d・fec・・b・m・t　A－P　p・tt・・ni・g　d・fec・・by　wild－type　embワ・nic　cell・i・wild－・yp・同F・xH1－／－chim・・i・

cmbryos，　Wild－type同FoxH1∪＋（A－D｝and　wild－type同FoxHヱー／一〔E－K）chimeric　embryos　were　recovered　at　E8．5．　Whole－lnount

views　of　the　chimeric　embryos　with　extcnsive　colonization　of　wild－type　ES　cells　are　shown　befoエe〔A，E，研or　after｛B，F／K｝X－Gal

staining．　They　are　all　anterior　views　except　that　a　ventral　view　is　shown　in∫．　Hematoxylin　and　eosine－stained　sections　of　a　wild－type

日F・xHヱ・／・chim・・ic　cmb・y・・t　th・1・v・1・・f　th・t・unk・nd　f・・eb・ai…e・h・w・i・C・nd　D，・e・pecti・・ly・C・rre・p・nding・ecti・n・・f

X－G、1，・。i。。d　wild－・yp。｛・声・Hヱー／・・him・・ic　emb・y…esh・w・i・G・nd　H．　Ab・ut・h・lf・f　th・wild－typ・倒F・・Hヱー／－embワ・

shown　ln　E－∫，　midline　defects　were　rcscued｛E，　Gノ）whereas　the　forebrain　rcmained　abnormal囲．　The　neural　plate，　except　for　the　most

，。、t，a1　P・・t〔H｝，　w・・f・ld・d…m・11y〔q．　Th・・em・ini・g　wild－typ・回F・xHr／－embワ・・〔1，K｝・h・w・d・cv・・e　A－P　p・tt・ming　d・fect・

characterlstic　of　type　III　phenotype．　Scalc　bar　lndicates　500μm．

appears　to　play　multiple　roles：Its　activity　in　the　primi－

tive　endoderm　and　in　the　epiblast　is　essential　for　A－P

patterlling　and　for　node　formation，　respectively．　A　ze－

1〕rafish　rnutant〔sc力unユ01spuτ，　or∫uτ｝that　is　deficient　in

FoxHI　has　been　described　recently〔Pogoda　et　a1．2000∫

Sirotkin　et　aL　2000｝．　This　mutant　lacks　an　organizer　and

shows　defects　in　dorsal　axial　structures　that　are　equiva－

1ent　to　the　defects　obseエved　in　type　I　FoxH1＋mice，

FoxH1－dependenlt　signαls　in　visceroヱendoderm

αrετequired　for　orientゴng　thc　A－P　oxゴs

The　A－P　axis　is　established　by　three　sequential　steps：｛1｝

graded　expression　of　several　genes　along　the　P－D　axis　of

the　embryo，〔21　movement　of　the　distal　visceral　endo－

derm　toward　the　anterior　end　of　the　embryo，　andβ｝

specification　of　the　underlying　cpiblast　to　an　anterior

identity　by　AVE－derived　signals〔Beddington　and　Robert－

son　1998，1999；Kimura　et　al2000｝．
　　In　type　III　FoxH1－／－embエyos，　the　P－D　axis　is　estab－

lished　properly　in　the　egg　cylinder　structure，　but　the　dis－

tal　visceral　elldoderm　fails　to　migrate　anteriorly．　Epi－

blast－specific　deletiorl　of　FoxHヱindicated　that　FoxHl　in

the　viscera！endoderm　is　essential　for　cell　movement、

The　FoxHl－dependent　signals　may　be　provided　by　Nodal，

anotion　that　is　supPorted　by　previous　observations　by

other　researchers．　Thus，　type　III　FoxHヱmutants　show

A－Ppatterning　defects　si皿ilar　to　those　of　mouse　mu－

tants　that　lack　Cripto〔Ding　et　a1．1998｝，　which　functions

as　a　coreceptor　for　Noda1｛Sakuma　et　al．，　in　prep．｝．　Fur－

thermore，　chimeric　embryos　consisting　of　wild－type　epi－

blast　and　AL1（4＋endoderm｛Gu　et　al．1998）fail　to皿一

dergo　gastrulation　and　show　defects　similar　to　those　of

type　III　FoxHI　mutants｛ALK4　is　most　likely　a　type　I

receptor　for　Nodal；R．　Sakuma，　Y．　Ohnishi，　C．　Meno，　and

H，Hanlada，　in　prepJ．　The　mechanism　by　which　FoxH1－

dependent　signals｛Nodal　signalsl　promote　the　anterior－

directed　migration　of　the　distal　visceral　endoderm　re－

mains　unknown．　One　possibility　is　that　Nodal　activity

may　be　distributed　unevenly　along　the　future　A－P　axis　in

the　region　of　the　distal　visceral　endoderm／and　this　dif－

ferential　Nodal　activity　may　generate　differences　in　cell

proliferation　or　in　the　orientation　of　cell　division・

　　Formation　of　the　anterior　neural　structures　requires

one　additional　step：stabilization　of　anterior　identity　by

signals　derived　from　the　prechordal　plate〔Rhinn　et　a1．
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Yamamoto　et　al．

1998ハShawlot　et　al．1999；Tam　and　Steiner　19991．　The
absence　of　the　forebrain　in　type　I　FoxH1－／－embryos　may

result　from　the　lack　of　the　prechordal　plate，　which　com．

prises　axial　mesoderm　cell　populations　derived　from　the

anterior　streak．　Consistent　with　this　conclusion，　epi－

blast－specific　deletion　of　FoxHI　was　sufficient　to　give

rise　to　type　I　embryos　lacking　the　forebrain．　However，

impairment　of　AVE　function　can　also　induce　a　similar
phenotype，　as　evident　in　chinlericηo∂01－／－embryos　that

show　extensive　colonization　of　wild－type　ES　cclls｛Varlet

et　a1．1997｝．　Therefore，　the　absence　of　the　forebrain　in

type　I　embryos　might　also　result　from　dysfunction　of　the

AVE．　Indeed，　the　forebrain　was　also　impaired　in　chimeric

embryos　in　which　the　visceral　endoderm　is　composed　of

FoxHヱーヂcells．

　　In　an　accompanying　paper，　Hoodless　et　al．｛20011also

report　FoxHI　mutant　mice，　which　showed　similar　phe－

notype．　However，　there　was　a　difference　in　the　degrees　of

the　A－P　patterning　defects．　In　their　mutant　mice，　the

prospective　AVE　cells　can　move　anteriorly，　although　this

migration　may　be　delayed．　Thus，　their　mutants　do　not

show　A－P　patterning　defects　at　later　stages．　The　most

likely　reason　for　this　difference　is　genetic　background．

Our　mutant　mice　have　a　129／B6　mixed　background／

whereas　their　mutant　mice　have　a　129／CD－1　mixed

background．　Genetic　interaction　between　FoxHヱand
刀odol　indicates　that　both　FoxHl－dependent　and　indepen－

dent　pathways　mediate　Nodal　signaling　during　A－P　pat－

terning．　Perhaps，　FAST－independent　pathway　can　comple－

ment　the　absence　of　FoxH　I　in　some　genetic　backgrounds

but　not　in　others．

Roヱe　of　FoxHヱin　formαtiol1α11d　pαttem加g

of　thθ画mitive　streok

Despite　extensive　studies　in　various　vertebrates，1ittle　is

known　of　the　mechanism　by　which　formation　of　the
primitive　streak　is　initiated　in　the　mouse．　The　observa－

tions　that　mice　with　mutations　inηodol　or　in　genes　for

its　putative　receptors，　such　as　AdR∫B｛AL1（41，　AαR∫LA，

and　ActR1∫13，　fail　to　gastrulate　｛Conlon　l　994∫Gu　et　aL

1998ハSong　et　a1．1999｝indicate　that　Nodal　signals　are

essential　for　this　process．　However，　type　I　and　type　II

FoxH1－／－embryos　formed　the　primitive　streak，　and　pos．

terior　development　was　relatively　normal　in　these　ani－

mals，　suggesting　that　FoxH　l　is　dispensable　for　streak　for－

mation．　Nodal　signaling　is　thus　likely　mediated　by　tran．

scription　factors　other　than　FoxH　l　during　streak

formation．

　　The　primitive　streak　is　initially　formed　in　a　small　re－

gion　near　the　extraembryonic－embryonic　lunction　and
elongates　distally　during　gastrulation．　The　streak　is　pat－

terned　along　the　A－P　axis，　and　cells　derived　from　this

structure　are　allocated　to　various　mesodermal　lineages，

depending　on　their　stage　and　position．　For　instance，　cells

derived　from　the　early　streak　contribute　predominantly

to　extraembryonic　mesoderm，　and　the　anterior　portion　of

the　mid－to－late　primitive　streak　contributes　to　the　node

〔Lawson　et　a1．1986｝Tam　and　Beddington　1987｝．　How一
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ever，　little　is　known　of　the　mechanisms　that　underlie

these　patterning　events．

　　The　primitive　streak　of　type　I　FoxH1－／－mutants　failed

to　elongate　and　lacked　the　anterior　portion．　The　trunca－

tion　of　the　streak　in　these　embryos　is　likely　because　of

down－regulation　of刀odol　expression　in　the　posterior　ec－

toderm．　Thus，刀o∂α1　expression　was　abolished　in　the　dis－

tal－posterior　epiblast　and　was　markedly　reduced　in　the

proximal－posterior　region　of　the　epiblast　in　the　type　I

mutants．　These　observations　on刀o∂01　expression　are
consistent　with　the　results　of　recent　studies　on　the　tran－

scriptional　regulation　of　nodα1｛Adachi　et　al．1999；Nor－

ris　and　Robertson　19991．　The　expression　of刀odol　in　the

ectoderm　is　controlled　by　at　least　two　enhancers：The

FoxH1－dependent　enhancer｛referred　to　as　ASE｝induces

expression　in　the　posterior　ectoderm，　whereas　the　other

enhancer　induces　expression　in　the　proximal　epiblast．

The　lack　of　FoxHl　would　therefore　be　expected　to　reduce

刀odol　expression　in　the　posterior　ectoderm、　In　conclu－

sion，　FoxHI　is　not　essential　for　the　initiation　of　primi．

tive　streak　formation．　However，　it　plays　an　important

role　in　elongation　and　patterning　of　the　streak；specifi－

cally，　it　maintainsηo∂01　expression　in　the　anterior　por－

tion　of　the　streak　by　acting　as　a　component　of　a　Nodal

autoregulatory　loop．

　　In　other　vertebrates，　such　as　Xθ刀（塑）us　and　the　chicken，

the　organizer　is　induced　by　synergistic　stimulation　by

Wnt　and　Nodal－Activin－like　signals｛Harland　and　Ger－

hart　19971．　In　frog　and　zebrafish，　a　Noda1－FoxHI　pathway

induces　the　expression　of　organizer－associated　genes

｛Toyama　et　al．1995アWatanabe　and　Whitman　1999｝．　Fur－

thermore，　FoxHヱmutants〔8uτ｝in　zebrafish　fail　to　form　a

gastrula　organizer　｛Pogoda　et　aL　2000；Sirotkin　et　al．

2000｝．These　observations　and　our　analysis　of　FoxHI　mu－

tant　mice　indicate　that　a　Nodal－FoxHI　signaling　path－

way　plays　a　conserved　role　in　organizer　formation　in　ver－

tebrates．

FoxHユmediαtes　NodαI　signαヱing　during　eαrヱy

mOUSθ6『θVθヱopmθητ

FoxHI　was　initially　identified　as　a　mediator　of　Activin

signaling｛Chen　et　al．1996｝、　In　cultured　cells　or　frog　ani・・

mal　caps，　FoxHI　interacts　with　Smad2｛or　Smad3｝and

Smad4　and　mediates　signaling　by　TGFβand　TGFβ一re－

lated　factors　such　as　Activin　and　Nodal｛Chen　et　a1．1996；

Labbe　et　al．1998；Weisberg　et　al．1998；Zhou　et　a1．1998；

Liu　et　a1．1999；Sailoh　et　al．200旬．　However，　our　data

now　indicate　that　FoxHI　plays　the　malor　role　in　medi－

ating　Nodal　signaling　during　early　development　of　the

mouse．　FoxH1＋mice　showed　various　patteming　de－

fects　that　have　been　observed　previously　in　mutant　mice

lacking　other　conlponents　of　the　Nodal　signaling　path－

way．　Thus，　type　III　FoxHヱ＋embryos　manifested　A－P

patterning　defects　similar　to　those　apParent　in　C坤‡o

mutants｛Ding　et　a1．1998｝．　In　addition，　similar　to

Cτ」μo－1－mice｛Ding　et　al．1998｝and　smα∂2＋chimeric

mice｛Tremblay　et　al．20001，　type　II　and　type　I　FoxH1－／－

embryos　lacked　definitive　endoderm．　Furthermore，　the

phenotype　of　type　I　FoxH1－／－embryos　was　similar　to



that　of　chimeric刀o∂01＋embryos　with　a　small　contri－

bution　of　wild－type　ES　cells｛Varlet　et　al．1997｝．　Genetic

interaction　was　apParent　between　FoxHI　and刀o∂α1．

Consistent　with　the　suggestion　that　expression　of　llodol

and　1θ∫τy2　is　induced　by　a　Nodal－FoxH　I　pathway｛Sailoh

et　al．20001，　we　showed　that刀odol　expression　was　initi．

ated　but　down－regulated　in　type　III　and　type　I　FoxH1－／－

enlbryos　and　that　1θ∫亡y2　expression　was　markedly　re－

duced　in　the　type　III　and　type　I　mutants．　The　expression

of　1θ∫tyl　in　the　visceral　endoderm　also　may　be　induced

by　a　Nodal－FoxHI　pathway／given　that　expression　of　this

gene　in　this　region　was　lost　in　type　III　FoxHr／－embryos

and　epiblast－specific　FoxHI　mutant　embryos．

　　Despite　the　similarities　between　the　phenotypes　of

FoxH1－／－mutants　and　mutants　lacking　other　compo．

nents　of　the　Nodal　signaling　pathway，　substantial　differ－

ences　are　also　apparent．　In　Cτfμo　mutants，　the　AVE　in・

correctly　formed　at　the　distal　tip　acts　on　the　underlying

epiblast　and　induces　anterior　neural　fates　in　the　absence

of　streak－derived　tissues｛Ding　et　al．19981．　In　contrast，

such　anterior　neural　identity　was　not　induced　in　type　III

FoxHr／－mutants．　This　apparent　discrepancy　is　not　eas，

ily　reconciled，　but　one　possible　explanation　is　that

Cripto　plays　a　role　in　addition　to　functioning　as　a　co－

receptor　for　Nodal　signaling．　For　instance，　Cripto　may

confer　lability　on　signals　from　the　visceral　endoderm，　as

suggested　previously　by　others｛Shawlot　et　a1．1999｝．　The

patterning　defects　of　FoxHヱー／－mutants　are　less　severe

than　are　those　of　embryos　completely　lacking　Nodal．

Thus，　the　extraembryonic　tissues　are　highly　abnormal　in

nodo1＋mutants，　whereas　those　tissues　are　relatively

normal　in　type　III　FoxHI　mutants．　The　phenotype　of

FoxH1－／－mutants　is　also　less　severe　than　that　of　S1110d2

mutants．　In　the　absence　of　Smad2，　embryos　fail　to　estab－

lish　P－D　polarity　properly，　and　the　entire　epiblast　adopts

an　extraembryonic　mesodermal　fate｛Waldrip　et　a1．1998；

Heyer　et　al．1999｝．　In　contrast，　FoxH1－／－embryos　estab．

lish　P－D　polarity．　These　phenotypic　differences　among

nodo1，　Smod2，　and　FoxHI　mutants　suggest　that　Nodal

signals　act　through　both　FoxH1－dependent　and　FoxH　1－

independent　pathways．　The　actions　of　Nodal　in　A－P　pat－

terning　and　in　patterning　and　elongation　of　the　primitive

streak　are　FoxHI　dependent，　whereas　those　in　mesoderm

induction　are　FoxH　l　independent．

　　Nodal　signaling　is　also　i皿plicated　in　left－right　pattern－

ing　at　a　later　stage　of　development｛Schier　and　Shen

20001，and　FoxHI　may　play　a　role　in　mediating　Nodal

signals　during　this　process．　However，　the　early　death　of

FoxHI　mutant　mice　prevented　us　from　studying　the　role

of　this　transcription　factor　in　left－right　asymmetry．

FoxHI　also　may　mediate　signaling　by　TGF一βand　related

factors　at　later　stages　of　development．　Clarification　of

the　roles　of　FoxHl　at　these　later　stages　will　require　con－

ditional　deletion　of　the　gene．

Materials　and　methods

Generαtion　of　FoxH1－deficiθnt　micθ

Genomic　FoxHI　clones　were　isolated　from　a　genomic　DNA

library　constructed　from　E14　ES　cells．　A　targeting　vector　was

Role　of　FoxHl　in　Nodal　signaling

constructed　by　subcloning　the　5’flanking　region｛the　3－kb　so11－

50cll　fragmen匂，　the　exon　1－intron　l　region｛the　2．3－kb　Socll－

5mαI　fragment｝，　and　the　region　containing　the　other　exons　and

intron　as　well　as　the　3’flanking　region｛the　7。8－kb　3mα1－XboI

fragmen匂of　FoxHI　into　a　modified　pMC　1－DTpA　vector
〔Taniguchi　et　al．19971．　A　loxP　fragment　containing　a　BomHI

site　was　inserted　between　exon　l　and　exon　2，　and　a　loxP－Frt－

nθo－Frt　cassette｛Meyers　et　a1．19981　was　inserted　into　the∫αclI

site　in　the　5’flanking　region．　Gene　targeting　was　performed　as

described｛Sawai　et　a1．1991｝．　The　targeting　vector　was　linearized

with　No亡I　before　introduction　into　Rl　ES　cells　by　electlopora－

tion．

　　Of　140　G418－resistant　ES　clones，　two　clones｛F94，　F128i　were

shown　to　have　undergone　homologous　recomhination，　as　con－

firmed　by　Southern　blot　analysis　with　various　probes，　including

a5’probe，　a　3’probe，　and　a刀θo　probe、　To　generate　a　flox　al正ele，

we　sublected　Fl28　cells　to　electroporation　with　a　Flp　expression

vector〔pCAGGS－Flpe－IRES－puro；kindly　provided　by　F．　Stewart

and　s．　Dymeckil　followed　by　selection　with　puromycin〔1　pg！

mL｝Sigmal．　Flp－mediated　deletion　was　verified　by　PCR　and

Southern　blot　analyses．　PCR　was　performed　with　the　primers　P　l

｛5’－ATCCTCGCCATGGCAACGCGAI　and　P2｛5’－AGTACCA
CAGAATAGAGCACq∫wild－type　and　flox　alleles　yield　frag－
ments　of　252　and　361　bP，　respectively．　One　clone｛Fl28－101　that

was　shown　to　have　lost刀θo　was　used　in　the　present　study．　F94

0r　Fl28－10　cells　were　inlected　into　blastocysts　of　C5アBL1

6Cr×BDFl　mice｛SLC，　Shizuoka　Iapan｝，　resulting　in　the　birth　of

chimeric　animals．　Male　chimeras　derived　from　each　ES　cell　line

were　bred　with　C57BL／6Cr　females，　yielding　heterozygous　Fl

offspring｛C57BL／6Cr×129　backgroundトTo　generate　a　null　a1－

lele〔FoxH1－1，　we　crossed　male　chimeras　with　CAG－Crθtrans－

genic　mice〔Sakai　and　Miyazaki　19971　to　excise　the　loxP　cas－

sette．　The　resulting　FI　offspring　were　verified　by　Southern　hy－

bridization　and　PCR　analysis　with　primers　P　1，　P2，　and　P3｛5’－

GACTGGGTGGCTGATAAGGCT｝｝wild－type　and　excised
alleles　yield　fragments　of　252　and　592　bp，　respectively．　The　Fl

heterozygotes　were　crossed　with　each　other，　producing
FoxHlne°／ne°，　FoxHヱfl°x／fl°x，　and　FoxH1＋mice．　For　RT－PCR

analysis，　total　RNA　was　prepared　from　E7．75　embryos　with　gua－

nidine　isocianate，　and　was　reverse　transcribed　with　oligo｛dT｝．

For　detecting　FoxHヱmRNA，　cDNA　was　sublected　to　PCR　with

the　primers　5’－ATCCGTCAGGTCCAGGCAGTG－3’and　5’－
CTTGGCGAAAGCTCTGTG－3’．　To　detect耳ρrt　mRNA　as　a
contro1，　the　same　cDNA　was　amplified　with　the　primers　5’－

AGCGATGATGAACCAGGTTA－3’and　5’－GTTGAGAGAT
CATCTCCACC－3’．

1ZI　Sゴtu　llybτゴ∂izO亡ゴon　olld　11ゴ8tology

Mouse　embryos　were　staged　on　the　basis　of　their　morphology

｛Downs　and　Davies　1993！．　Whole－mo皿t　in　situ　hybridization

was　performed　according　to　standard　procedures〔Wilkinson

l99勾．　Wild－type　and　mutant　embryos　were　processed　in　the

same　tube．　Embryos　were　genotyped　by　PCR　analysis　of　yolk　sac

DNA　with　primers　PI　and　P2　for　the　wild－type　FoxHヱallele，

and　with　primers　P　l　and　P3　for　the　FoxHヱ皿11　allele．　For　his－

tology，　embryos　were　fixed　with　Bouin’s　solution，　embedded　in

paraffin，　and　sectioned　at　a　thickness　of　8　pm．　Sections　were

stained　with　hematoxylin　and　eos血．

A刀01ys元s　o∫9θ刀θ‡icゴ刀tθτoc亡］oηbθtwθθ刀FoxHl

o1161　noda1

Mice　that　contain　an∫RE∫－10cZ　cassette　in　the　second　exon　of

刀o∂01have　been　described　previously｛Collignon　et　al．1996｝．

We　crossedηo∂α11acz／＋mice　with　FoxHヱ＋ノーmice　to　obtain
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double　heterozygotes．　Embryos　obtained　by　intercrossing　of　the

double　heterozygotes　or　by　crossing　the　double　heterozygotes

with　FoxH1＋！－animals　were　analyzed．　The　genotype　of　each

embryo　was　determined　hy　PCR．　The　expression　of　nodα1　in

these　embryos　was　monitored　by　staining　with　X－Ga1．

W力01θ一θmbτyo　cu1加τθ

E7．5　embryos　were　cultured　for　24　h　in　50－mL　disposable　tubes

containing　2　mL　of　50％Dulbecco’s　modified　Eagle’s　medium

supplemented　with　50％rat　serum，　as　described｛Lawson　et　al．

19861；this　volume　of　medium　was　sufficient　for　culturing　four

embryos｛Stuml　and　Tam　1993｝．　The　tubes　were　filled　with　a

mixture　of　5％CO2，5％02，　and　90％N2　and　were　rotated　at　30

rpm　on　a　roller　apParatus　in　an　incubator．

Epiblost－spθci芦c　dθ1etioヱ10声oXH　

1

The　1θ∫tア2－Cヱθtransgene　was　constmcted　by　ligating　the　5．5－kh

upstream　region　of　1幼y2　to　a　Crθcassette　derived　from　pBS－Cre

｛kindly　provided　by　H．　Kondohl．　Several　mouse　lines　containing

this　transgene　were　established．　To　examine　the　specificity　of

αθexpression，　we　crossed　each　line　with　transgenic　mice　that

harbol　a　1αcZ　gene　that　can　be　expressed　only　after　Cre－medi－

ated　excision．　Embryos　were　genotyped　and　stained　with　X－Gal．

One　transgenic　line｛21B［that　shows　epiblast－specific　expres．

sion　of　Crθwas　used　in　this　study．　Line　21B　animals　were

crossed　with　FoxH1＋／－mice　to　obtain　heterozygotes　halboring

the　Cτθtransgene；these　FoxH1＋／一、1θ∫ty2－Crθmice　we正e　mated

with　FoxHlf1°x／fl°x　animals，　and　the　resulting　embryos　were

analyzed　at　E7．0，　E8．5，　and　E　10．5．　The　genotype　of　each　embryo

was　dete㎜ined　by　PCR　analysis　with　primers　P　l，　P2，　and　P31

wild－type，　null，　and　flox　FoxHI　alleles　yield　fragments　of　252，

592，and　361　bp，　respectively．　The　1ε舜y2－Cτθtransgene　was　de－

tected　by　PCR　with　a　pair　of　primers　specific　for　Cτθas　de．

scribed｛Sakai　and　Miyazaki　l　9971．

Gθ磁0亡ゴon　o刀∂0刀01ysゴ80∫chjmθτ0θm　bτyOS

Chimeras　were　generated　by　blastocyst　iniection　as　described

｛Bradley　1987［．　Blastocysts　were　collected　from　intercross　be－

tween　FoxH1＋たanimals　and　were　injected　with　wild－type　ES

｛ROSA261　cells　at　a　ratio　of　2：14　ES　cells／blastocyst．　Chimeric

embryos　were　recovered　at　E8、5，　fixed　and　processed　forβ一ga－

lactosidase　staining　with　X－Gal｛5－bromo－4－chloro－3－indoyl一β一

D－galactoside｝．　The　genotype　of　the　host　blastocyst　was　deter．

mined　retrospectively　with　extraembryonic　tissues．　Briefly，　in－

（hvidual　visceral　yolk　sacs　were　dissected　from　conceptuses，

washed　in　phosphate－buffered　saline｛PBSI，　and　the　endode㎜

layer　were　isolated　following　digestion　with　pancreatic　tyrosine

as　described｛Hogan　et　al．19941．　DNA　samples　prepared　from

the　endodermal　layer　were　genotyped　with　respect　to　the　FoxHl

locus　by　PCR　using　primers　P1，　P2，　and　P3．
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SUMMARY

The　tmnscription　factor　Foxhl　mediates　Nodal　signaling．

The　role　of　Foxhl　in　lef卜right（LR）patteming　was
examined　with　mutant　mice　that　lack　this　protein　in　lateral

plate　mesoderm（LPM）．　The　mutant　mice制ed　to　express
No吻」，　L碗y2　　and　　Pj紘2　　0n　　the　　left　side　　during

embryogenesis紐d　exhibited　right　isome亘sm．　Ectopic
introduction　of　Nodal　into　right　LPM，　by　transplantation

of　left　LPM　or　by　electroporation　of　aハω伽vectoちinduced

ハb∂α∫expression　in　wild－type　embryos　but　not　in　the

mutant．　Ectopic　IVo吻∫expression　in　right　LPM　also
induced　L繊yl　expression　in　the　floor　pl劔e．　Nodal　signaling

thus　initiates　asymmetric　IVo吻J　expression　in　LPM　and

induces　L輌1　at　the　midline．　Monitoring　of　Nodal　activity

in　wild・type　and　jFb功1　mutant　embryos　suggested　that

Nodal　activity　tr殿1s　from　the　node　to　lef比PM，　and　from

Ieft　LPM　to　the　midline．

Key　words：Foxh　l，Left－right　asymmetry，　Midhne，　Nodal，　Mouse

lNTRODUCTION

The　establishment　of　three　axes（anteroposte亘or，　dorsoventral

and　left－right）is　a　fund㎜ental　aspect　of　the　development　of　a

body　plan．　Substantial　insight　has　recently　been　achieved　at　the

genetic　and　molecular　levels　into　the　generation　of　left－right

（LR）asy㎜e的in　venebrate　emb巧os（Beddington皿d
Robertson，1999；Capdevila　et　al．，2000；Wright，2001；
H㎜ada　et瓠．，2002）．　The　establishment　of　LR　asy㎜e的is

血ought　to　be　achieved　in　four　di⑨tinct　steps：（1）the　breaking

of　LR　sy㎜et巧in　or　ne訂也e　node，（2）⑩允r　of　LR－biased

signals　f士om　the　node　to　the　lateral　plate，（3）asymmetric

expression　of　signaling　molecules　such　as　Nodal　and　Lefty　on

the　left　side　of　the　lateral　plate　and（4）the　induction　by　these

sign訓ing　molecules　of　LR　asy㎜e血c　mo叩hogenesis　of
visceral　organs．　In　addition，　the　midline　ba∬ier　must　be

established　to　separate　the　two　sides　of　a　developing　embryo．

Nod副and　Le丘y（Ebaf－Mouse　Genome　Info㎝atics），　bo也

of　which　are　members　of　the　transforming　growth　factor　13

（TG耶）family　of　proteins，　play　important　roles　in　several

embryonic　patteming　events（Schier　and　Shen，2000；Brennan

et　a1．，2001；Juan　and　Hamada，2001）．　Lefty　antagonizes　Nodal

signaling　by　acting　as　a　feedback　inhibitor（Meno　et　al．，1999；

Cheng　et　a1．，2000；Sakuma　et　aL，2002）．　In　LR　patteming，

genetic　evidence　suggests　that　Nodal　expressed　on　the　left　side

of　the　lateral　plate　acts　as　a　left－side　determinant　and　induces

left　side－speci6c　morphogenesis　of　visceral　organs（Oh　and　Li，

1997；Yan　et　al．，1999；Lowe　et　aL，2001），　whereas　Lefty2

（Le丘b－Mouse　Genome　Info㎜atics），　which　is　induced　by

Nodal　in　the　le田ateral　plate，　res㎞cts　the　ti血ng　and　the　region

of　Nodal　activity（Meno　et　a1．，2001）．　Nodal　and　Lefty　have

similar　roles　among　vertebrates　ffom　the　zebra且sh　to　mouse

（Sampath　et　a1．，1997；Rebagliati　et　al．，1998；Bisgrove　et　al．，

1999；Thisse　and　Thisse，1999）．

　　Despite　the　recent　progress　in　our　understanding　of　LR

patterning，　many　important　questions　remain　unanswered．　One

such　question　concems　the　mechanism　by　which　sy㎜e的is

broken　in　the　6rst　place．　Bre狙ng　of　sy㎜et巧in　ma㎜訓s

appears　to　involve　nodal且ow，　the　leftward　flow　of　extra－

embryonic　fluid　in　the　node　generated　by　the　vo貢ical

movement　of　nodal　cilia（Nonaka　et　al．，1998）．　Thus，　nodal

now　is　impaired　in　mutant　mice　in　which　LR　patteming　is

randomized（Okada　et　al．，1999）．　Indeed，　many　of　the　genes

whose　mutation　results　in　LR　patterning　defects　encode

proteins　required　for　the　formation　or　motility　of　cilia．

Fu丘he㎜ore，　imposition　of　an頒i丘cial　How　was　able　to　direct

LR　patteming　in　early　mouse　embryos（Nonaka　et　al．，2002）．

The　mechanism　by　which　Nodal且ow　achieves　this　ef允ct，

however，　has　remained　unclea£It　is　possible　that　the　flow

transports　a　LR　determination　factor　toward　the　left　side，　but

the　identity　of　such　a　factor　is　un㎞own．

　　The　mechanism　of　signal　transfer　from　the　node　to　the　lateral

plate　is　also　un㎞own．　Both　the　identity　of　the　signal（or

signals）transported　ffom　the　node　to　the　lateral　plate

mesode㎜（LPM）and　whether　the　sign訓is仕ansfe∬ed　d廿ectly

加mthe　node　to　the　lateral　plate　or　is　first　relayed　to　an

inte㎜ediate　region　such　as也e　paraxial　mesode㎜remain　to

be　determined．
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　　Another　important　and　related　question　concems　the
mechanism　by　which　the　expression　of1Vo4α1　is　initiated　in　left

LPM．　Although　an　autoregulatory　mechanism　involving
signaling　by　Nodal　and　the　transcription　factor　Foxh1

（previously㎞own　as　Fast2）is　responsible　fbr　ampli丘cation　of

∧b吻1expression　in　left　LPM（Sa亘oh　et　al．，2000；Norris　et　al．，

2002），it　is　not㎞own　how　NOぬ1　expression　is　initiated．

Ectopic　expression　of　Nodal　in　right　LPM　of　chick　embryos

was　not　able　to　induce　N∂4α1　expression（M．　Levin，　PhD　thesis，

Harvard　University，1996），　suggesting　that　an　un㎞own　factor

other　than　Nodal　initiates∧b血1　expression　in　left　LPM．　Bone

morphogenetic　protein（BMP）signaling　has　been　proposed　to

regulateハb吻1　expression　negatively　in　the　chick，　and　a　BMP

antagonist　such　as　Caronte　may　initiate　IVO∂α1　expression　by

inhibiting　BMP　activity　on　the　le丘side（Rodriguez　Esteban　et

a1．，1999；Ybkouchi　et　aL，1999）．　However，　recent　evidence　has

suggested　that　BMP　signaling　positively　regulatesハb｛劫

expression　by　inducing　an　EGF－CFC　factor　in　LPM（Schlange

et　al．，2001；Schlange　et　al．，2002；Piedra　and　Ros，2002）．　The

飽ctor　responsible　fbr　the　initiation　of　asymmetricハ1θ吻1

expression　in　LPM　thus　remains　elusive．　Finally，　the　midline

structures　serve　as　a　barrier　that　prevents　the　diffusion　of

asy㎜e血c　signals（D㎝os㎝d泊st，1996；Lo㎞et訓．，1997；
Meno　et　al．，1998），　but　it　is　unclear　how出e血dline　barrier　is

established　and　precisely　how　it　fUnctions．　Analysis　of　L⑳1

mutant　mice　has　shown　that　Lefty　1，　a　Nodal　antagonist

expressed　on　the　leR　side　of　the　prospective　floor　plate（PFP），

contributes　to　midline　barrier　function（Meno　et　al．，1998）．

However，　it　is　un㎞own　how　Lφyl　expression　is　induced　at

the　midline．

　　We　have　now　studied　the　role　of　Noda1－Foxh　l　signaling　in

LR　patteming　by　analyzing凡［功1　conditional　mutant　mice．

We　have　also　examined　Nodal　function　by　developing
transplantation　and　electroporation　systems　fbr　use　with　mouse

embryos　and　applying　these　systems　to　the」防功1　mutant　mice．

Unexpectedly，　Nodal－Foxh　l　signaling　was　shown　to　be　able　to

initiate∧b4α1　expression　in　LPM　and　to　induce　L⑳1
expression　at　the　midline．　Our　results　indicate　that　the　left－

sided　expression　of　IVO4α1　in　LPM　is　initiated　by　Nodal

produced　in　the　node，　and　that　Lφyl　expression　at　the　midline

is　induced　by　Nodal　produced　in　left　LPM．　We　propose　that

Nodal　activity　travels　f缶m　the　node　to　left　LPM，　and　from　left

LPM　to　the　midline．

MATERIALS　AND　METHODS

LPM・specific　deletion　of　Fbズカ7

The　Lφy2－3．O　Cw　transgene　was　constructed　by　ligating　the　3．0－

kb　upstream　region　of　mouse　Lφy2　to　a　C陀cassette　derived　from

pBS－Cre（kindly　provided　by　H．　Kondoh）．　Several　transgenic　lines

harboring　this　transgene　were　established．　Tb　examine　the
specificity　of　Cκexpression，　we　crossed　each　line　with　Cre－

reporter　mice　harboring　a　1αcZ　gene　that　is　expressed　only　after　Cre－

mediated　excision（Sakai　and　Miyazaki，1997）．　Embryos　were
genotyped　and　stained　with　X－gaL　One　transgenic　line（77b）that

exhibited　bilateral　Cre　expression　in　the　lateral　plate　was　used　in

this　study．　Line　77b　animals　were　crossed　with　Fb功1＋／－mice　to

obtain　heterozygotes　harboring　the　C7ぞtransgene；these　Fbx力1＋／一，

Lφy2－3．0σεmice　were　then　mated　with　1わx乃1βo瑚ox　animals

（Yamamoto　et　al．，2001），　and　the　resulting　embryos　were　analyzed

atE82，E95　andElO．5．

ln　situ　hybridization　and　histology

Mouse　embryos　were　staged　on　the　basis　of　their　morphology（Downs

and　Davies，1993）．　Whole－mount　in　situ　hybridization　was　pe㎡ormed

according　to　standard　procedures（Wilkinson，1992）．　Wild－type　and

mutant　embryos　were　processed　in　the　same　tube．　Embryos　were

genotyped　by　PCR　analysis　of　yolk　sac　DNA．

T「ansplantation　of　LPM

Fragments　of　tissue　（containing　～20　cells）were　isolated　for

transplantation　from　the　le廿LPM　of　mouse　embryos　at　the　fbur－

somite　stage．　For　use　as　recipients，　mouse　embryos　were　recovered　at

the　two－somite　stage，　dissected　free　of　decidual　tissues　and　Reichert’s

membrane，　and　Inaintalned　in　culture　until　manipulation．　Cell　clumps

from　donor　embryos　were　gra丘ed　to　the　right　LPM，1eft　paraxial

mesoderm　or　left　LPM　of　the　host　embryos　with　the　use　of　tungsten

needles．　The　transplanted　embryos　were　cultured　fbr　3　hours　at　37°C

in　35　mm　disposable　dishes　containing　4　ml　of　50％Dulbecco’s

modified　Eagle’s　medium　supplemented　with　50％rat　serum（Lawson

et　aL，1986）；this　volume　of　medium　was　suf6cient　fbr　culture　of　eight

embryos（Sturm　and　Thm，1993）．　A　transplant　remained　as　a　mass

after　the　culture，　showed　distinct　density　and　thickness，　and　was　easily

distinguished　from　the　host　tissues．

Electroporation　of　a　A♂oda’expression　vector　into　LPM

The　full－length　cDNAs　of　mouse　Nodal，　constitutive　active　human

ALK4（caALK4），1αcZ　and　EGFP　were　suhcloned　into　the　eucaryotic

expression　vectors　pEF－BOS　（Mizushima　and　Nagata，1990），
pcDNA3，　pEF　and　pCX，　respectively．　Each　plasmid　was　suspended

in　phosphate－buf丘red　saline　at　a　concentration　of　5　mg／ml．　Mouse

embryos　at　the　two－somite　stage　were　dissected　free　of　decidual

tissues　and　Reichert’s　membrane　and　maintained　in　culture　until

electroporation．　Electroporation　was　perfomled　with　a　CUY21
electroporator　and　a　pulse　monitor（BTX，苫）kyo）．　Platinum　electrodes

were　used　as　an　anode　and　a　cathode　and　were　positioned　near　the

posterior　and　anterior　regions　of　the　embryo，　respectively．　Electric

pulses　were　applied（14　V　fbr　1291ns，恥e　times）while　the　DNA

solution（1μ1）was　i句ected　into　the　anterior　region　of　left　or　hght

LPM．　The　electroporated　embryos　were　cultured　K）r　6　hours　in　a　50

ml　disposable　tube　containing　4　ml　of　50％Dulbecco’s　modi6ed

Eagle’s　medium　supplemented　with　50％rat　serum（Lawrence　and

Struhl，1996），　a　volume　sufncient　fbr　the　culture　of　eight　embryos

（Sturm　and　Thm，1993）．　The　tubes　were　rotated　at　30　rpm　on　a　roller

apparatus　placed　in　a　37°C　incubator　containing　5％CO2．　This　culture

condition　is　optimized　fbr　nomコal　LR　development　so　that　left－sided

！VOぬI　expression　in　LPM　is　preserved　in＞95％of　the　cultured

embryos．　A　Nodal　or　cαALκ4　expression　vector　was　introduced

together　with　an　EGFP　expression　vector　by　electroporation，　and

regions　that　received　the　vectors　were　con五㎜ed　by　the　presence　of

EGFP廿uorescence．

RESU口「S

Conditional　deletion　of　Fo賄7　in　the　lateral　plate

Fb功1　null　mutants　exhibit　defects　in　anteroposterior

patteming　and　in　node　b㎜ation（Hoodless　et　al．，2001；

Y㎜amoto　et　al．，2001）．　The　early　mortality　of　the　null

mutants，　however，　has　impeded　characterization　of　the　role　of

Foxh　l　at　later　stages　of　development．　We　have　now　exa血ned

the　contribution　of　Foxh　l　to　LR　patteming　by　generating

conditional　mutant　mice．　Mutant　mice　harboring　a且ox　allele

of品功1（品功、ρoっhave　been　described（Yamamoto　et訓．，

2001），and，　in　the　present　study，　we　aimed　to　delete　lcb功1　in

the　lateral　plate　with　the　use　of　transgenic　mice　expressing　the

Cre　recombinase　in　this　tissue．　The　Cre－expressing　transgene
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Fig．　L　Crc－n〕cdiatcd

deletion　ofノ㌢）エん∫ln

LPM，（A－C）Mice
ha1婿bOring　the　L〔プ｝）2－

3．OC’ぞtransgcnc

Were　CrOSSCd　With

lransgcnic　n／icc　that

harbor　the　reporter

construct　CAG－CAF
Z（Sakai　and

Miyazaki．1997）．

which　expresses／α（’Z

in　the　presellce　of　thc

Crc　rccoInbin乏lsc．

Elnbryos　cOntaini119

both　L〈プζv2－3．OCr〈・

and　CAG－CA’「Z

were　staillcd　witll　X－

gal　at　E7．5（A）alld

E8．2（B）．　A

transverse　secti（）11　auhc　planc　hdicatcd　m　B　isshown　m　C．　At　E75，

1110st　of　thc　mcso（lcrm　cxhibited　X－gal　staining　whercas　thc　ectodcllm

alld　elldoderm　did　Ilot．　At　E8．2，　the　amcrior　rcgion　of　LPM、　paraxial

rl〕esoderm　alld　tl〕c　hcall　wじrc　positivc　for　staining、　whel’eas　the

Posterior　Portiolコof　LPM　al〕d　mldline　structllres（arrowhead　in　B），

illcludhg　thc　PFP　were　nega白ve．　a、　antcrior；P．　postcllior；1，　lcft；1二

rlght．（D－G）Whole－moullt　il／shu　hybridizatiommalys▲sof万Y／7／

trallsc1〕pls．　Latcral　vicws　arc　showlコfor　wild－type（WT）（D）and

万八〃cん（F）embryos　at　E75　and　allterior　vicws｛br　wild－typc（E）

andノそ八1〃f／・（G）elnbryos　al　E8．2．［n　thc　lh、／71（んcmbryos，　Foxhl

mRNA　was　not　dctcctcd　ill　thc　rcgi（ms　that　wcrc　positive　for　X－gal

stainil／g　ill　A－C．

μアb2－3．O　C」ぞcontains　a　3　kb　fragment　of　the　mouse　L⑳2

promoter　that　directs　gene　expression　in　nascent　mesoderm

（Sa可oh　et　al．，　1999）．　One　of　the　transgenic　lines　（77b）

harboring　this　transgene　was　used　in　this　study．

　　Tb　connrm　the　expression　pattem　of　the　C肥transgene　in

77b　mice，　we　crossed　the　animals　with　Cre－reporter　mice　that

express　1αcZ　in　response　to　Cre　activity（Sakai　and　Miyazald，

1997）．Embryos　harboring　both　LZプち）2－3．θρぞand　the　Cre－

reporter　1αcZ　transgene　were　recovered　at　various　stages　and

stained　forβ一galactosidase　activity　with　the　substrate　X－gal，

Staining　was　nrst　evident　at　embryonic　day　6．75（E6．75）in　the

nascent　mesoderm．　At　E75，　most　of　the　embryonic　region　of

the　mesoderm　exhibited　staining，　whereas　the　primitive　streak．

ectodem　and　endoderm　were　negative（Fig．1A）．　Mesode㎜一

specific　staining　remained　evident　at　E8．2；however，　the

midline　structures，　including　the　axial　mesoderm，　lacked　Cre

activity（Fig．1B）．　At　this　stage、　the　pattern　of　Cre　activity

differed　between　the　anterior　and　posterior　regions　of　the

embryo（Fig．　IC）．　In　the　anterior　region、　X－gal　staining　was

complete　in　the　LPM、　paraxial　mesodeml，　de血nitive　endoderm

Foxhl　in　establishment　of　the　left－right　axis　1797

and　heart．　In　the　region　posterior　to　the　node．　however，　Cre

activity　was　detected　only　in　the　most　lateral　region　of　LPM．

About　30to　50％of　the　extra－embryonic　mesoderm　cells　in　the

yo止sac　and　a㎜ion　were　also　positive　for　X－gal　staining．　At

E9．5，　mesoderm－derived　cells　in　the　anterior　region　were

positive　whereas　the　mesoderm　in　the　posterior　region　was

negative（data　not　shown）．　Thus，　at　stages　later　than　the　early

somite　stage、　Cre　activity　was　mostly　restricted　to　the

mesoderm　of　the　anterior　region　of　the　embryo．

　　1わ功1βθ朔θ、mice　were　then　mated　with　1わ功1＋／一．ムψy2－3．O

Cre　mice　to　obtain　l％功1μρψ，　Lψy2－3，0　C1でmice（for

simplicity，　these　conditional　mutant　mice　are　referred　to　as

施功ノcソ）．Cre－mediated　deletion　of況）x〃in　the　1％功1（’・仁

embryos　was　confirmed　by　examining品功／expression．
Whereas　Foxh　l　mRNA　is　abundant　in　all　three　germ　layers　of

gastrulating　wild－type　embryos（Fig．　l　DE），品x乃1　expression

was　absent　in　the　mesode㎜of品功1cソembryos（Fig．　I　F．G）．

Right　isomerism　in　Fbx力7conditional　mutant
embryos
We　first　examined　LR　patterning　in　the五）x乃ノ（ノembryos　by

analyzing　the　transcription　of　asy㎜1etrically　expressed　genes

such　as　IVo∂α1，　Lく／ち，1，L4b・2　and　Pi孟x2．　In　wild－type　embryos，

八り4α1is　expressed　in　two　domains　at　the　early　somite　stage：

the　node　and　le負LPM（Fig．2A，B）．　In　most　1わ功1（グembryos

examined（31137，84％），　however，　left－sided　expression　of

∧わ∂α1in　le且LPM　was　absent（Fig．2C）；in　the　remaining

embryos（6／37，16％），　a　low　Ievel　of　Nθぬ1　expression　was

detected　in　a　small　region　of　left　LPM　a両acent　to　the　node

（Fig．2DE），　probably　because　a　Noda1－positive　loop　was

operative　in　this　region　before　deletion　of　1わ功ノwas　complete．

No4α1　expression　in　the　node　was　maintained　in　all（37／37）

品x乃1（’／－embryos（insets　in　Fig．2C，D）。　The　expression　of

L幼y2　apparent　in　left　LPM　of　wild－type　embryos（Fig．2F）

was　abolished　in　all（16／16）品x〃（ノーembryos　examined（Fig，

2G）．The　expression　of　L4b／observed　in　the　PFP　of　wild－type

embryos（Fig．2F）was　also　lost　in　all（16／16）励κ力1ジenlbryos

（Fig，2G）（in　some品x乃1（’んembryos，　LC≠ち・／expression　was

detected　in　a　small　region　of　PFP　a〔Oacent　to　the　node　at　the

two－somite　stage　but　this　expression　disappeared　at　four－

somite　stage）．　This　latter　effect　was　unexpected　given　that

丑）功1is　preserved　in　midline　structures　including　the　PFP

（Fig．　lB）．　The　expression　of　LC庄yl　apparent　in　the　node　of

wild－type　embryos　was　maintained　in　the　mutant　embryos

（inset　of　Fig．2G）．　The　asymmetric　expression　of　Pi1蒐2

apparent　in　wild－type　embryos（Fig2H，1，N－P）was　abolished

in　two－thirds（29／43）of万Dxカ1〈’ソembryos　at　E8。2（Fig．2J）and

in～70％（18／26）of　the　mutant　embryos　between　E9．O　and

ElO．5（Fig2KQ－S），　whereas　bilateral　Pぬ2　expression　in　the

branchial　arch　was　maintained　in　all丑）x／7／（んembryos，　In　the

remaining　mutant　embryos，　a　reduced　level　of　left－sided　Pぬ2

expression　was　detected　both　in　LPM　at　E8．2（Fig．2L）and　in

several　organs　and　other　structures，　including　the　common

atrial　chamber，　lung　bud，　sinus　venosus，　vitelline　vein、

common　cardinal　vein　and　gut，　at　later　stages（Fig．2M工V）．

　　凡）κ〃（’たmice　were　carried　to　term　but　died　within　several

days　after　birth．　Examination　of　the　visceral　organs　of品x乃／（幽ん

neonates　revealed　various　LR　defbcts　with　right　isomerism　as

the　m司or　phenotype（Fig．3）．　Although　the　lungs　of　wild－type

mice　contain　one　and　four　lobes　on　the　left　and　right　sides，

respectively（Fig　3A），　the　lungs　of　most（40／45，89％）of　the
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Fig．2．　Aberrant　expression　of　Nθ‘／〈”・LCρV・

Lくτ「v2皿d　Piぴ2　in尺λゼη／（んcmbryos．　Thc

exprcsslon　oll　1Vθ‘／α／（A－E）．　L4わソplus　LCrζv2

（F、G）and　Plτv2（H－Vhn“’ild－type（WT）and

万バ／r／（／embryos　was　examincd　by　whole－

moしmt　in　situ　hybridization．　Embryos　shown

in　A－H．J、L　are　at　E8．2．　whcreas　thc　others　are

at　E9．5．Trとmsverse　scctions　at　the　planes

indicatcd　in　L　K　and　M三lre　shown　in　N－R

Q－salld　T－V　respecti、・ely．　All　E8．2　embryos

are　anterior　vicws．　with　the　exception　that　lcft

lateral　vicws　are　shown　foII　B　aIld　E．　The

insels　in　A．　C．　D　and　G　show　thc　nodc　ill

posterior　view　of　the　embryos．　The　whitc　line

in　the　inset　of　G　in（licatcs　thc　loca〔ion　of　thc

node．　Mostれ功／ψembryos　fail　to　cxhibit

lcfLsidcd　gcnc　cxprcssion．　although　somc

retain　Nθ‘1‘〃expression　ln　a　small　reg｛on　of

left　LPM　adlaccnt　to　thc　llodc（arrowhead　ill

E）and　a　low　lcvcl　of　lcft－sidcd　Piτv2

expression　ill　varioしls　organs（arrowheads　in

T－V）．a．　anlerior；p，　postcrior；1，　lcft：r．　right．
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品功1〈ソmice　examined　manifested　right　isomerism、　having

four　lobes　on　both　sides（Fig．3B）．　A　small　proportion（3／45，

7％）of　1硲x乃ノ〔／仁mice　exhibited　partial　right　isomerism，　having

two　or　three　lobes　on　the　lefl　side　and　fbur　lobes　on　the　right

side．　Abno㎜al　positioning　of　the　great　aneries，　either　arterial

transposition　（9141，22％）（Fig．3BS）or　double－outlet　right

ventricle　（31141，76％）（Fig．3Q，T），　was　also　frequently

observed　in品功ノ仁んmice．　The　position　of　the　heart　apex　was

reversed（toward　the　right　l　5／41、37％）（Fig、3K），　ambiguous

（in　the　middle；7／41，17％）（Fig．3J）or　normal（toward　the　left；

19／41，46％）in　1％功1ピんmice．　Additional　heart　malformations，

including　ventricular　septal　defect　without　valve　defects（VSD；

25／41，61％）（Fig．3T），　atrial　septal　defect　without　valve　defects

（ASD；30141，73％）（Fig．3Q）and　endocardial　cushion　defect

（common　atrioventricular　valve　plus　ASD　and　VSD；10／41，

●

　　　　　　　　　　　　　　　　　　24％）　（data　not　shown），　were　also

　　　　　　　　　　　　　　　　　　observed．　The　external　I皿orphology　of

　　　　　　　　　　　　　　　　　the　atrium　was　also　affbcted，　showing

当．　　　　　　　right　isomerism（11／43，26％）or　LR
　　　　　　　　　　　　　　　　　　inversion（13／43，30％），　The　azygos　vein，

　　　　　　　　　　　　　　　　　　which　is　normally　located　on　the　left　side

　　　　　　　　　　　　　　　　　　（Fig．3C），　was　reversed　（13／43，30％）

　　．　　　　　　　　　（Fig．3D），　bilateral（14／43，33％）or
　　　　　　　　　　　　　　　　　　no㎜記（16／43，37％）in伽〃1〈ソmice．

　　　　　　　　　　　　　　　　　Additional　defects　included　hypoplasia

　　　　　　　　　　　　　　　　　　of　the　spleen（21／40，53％）（Fig．3F）and

　　　　　　　　　　　　　　　　　　the　presence　of　the　stomach　on　the　right

　　　　　　　　　　　　　　　　　　side（8143，19％）（Fig．3H），　The　relative

　　　　　　　　　　　　　　　　　positions　of　left　and　right　renal　veins

　　　　　　　　　　　　　　　　　　were　reversed（14／44，32％）or　the　two

　　　　　　　　　　　　　　　　　　veins　were　located　at　the　same　leveI

　　　　　　　　　　　　　　　　　　（12144、27％）（Fig．3M）．　The　portal　vein，

　　　　　　　　　　　　　　　　　　which　normally　passes　dorsally　to　the

　　　　　　　　　　　　　　　　　　duodenum，　passed　ventrally　to　the

41　　　罐㌫認認㌶i㌫
　　　　　　　　　　　　　　　　　　resemble　those　observed　with　cryptic

　　　　　　　　　　　　　　　　　　mutant　mice（Yan　et　al．，1999），　and　are，

　　　　　　　　　　　　　　　　　　in　general，　consistent　with　a　lack　of

Nodal，　the　left－side　dete㎜inant，　in　len　LPM．　The　phenotype

of　1％λ〃〔’んmice　also　resemble　that　of　the　zebra6sh　mutant

lacking　Foxh1（Chen　et　al．，1997；Bisgrove，2000）．

lnduction　of　jVod冶’expression　in　the　lateral　plate

requires　Foxhl
Asynlmetric八わ∂‘’1　expression　in　left　LPM　begins　in　a　region

a（Uacent　to　the　I】ode　and　expands　along　the　anteroposterior　axis・

It　is　currently　un㎞own　how　Aわ4α1expression　is　initiated　in　le廿

LPM；it　may　involve　a　positive　autoregulatory　mechanism，　but

direct　evidence　is　lac㎞ng．　Tb　study　the　mechanism　of　No401

induction，　we　developed　a　system　for　cell　transplantation　into

LPM．　A　piece　of　tissue　was　dissected　from　the　le且LPM　of

adonor　embryo　at　the　fbur－somite　stage（∧104α1　is　akeady

expressed　in　the　entire　left　LPM　at　this　stage）and　was



Foxhl　in　establishment　of　the　left－right　axis　1799

Fig．3．　LR　def℃cts　in　the　visceral

organs　of　1ひ．v！z1（んmice．　Visceral

organs　and　heart　sections　of　wild－

type（WT）and∫玩1〃‘ソneonatcs

arc　shown．　Genotype　is　indicated　at

the　top　of　each　column．

（A，B）Lobation　of　thc　lしlng．　In　the

wi］d－type　mousc（A），　the　left　and

right　lungs　have　one　alld　four　lobes．

rcspectively．　In　most尺λ℃乃1ψmice

（B），both　lcft　and　right　lしmgs　havc

k）ur　lobes．　AL，　acccssory　lobe；

CaL，　caudal　Iobe；CrL，　cranial　lobc；

ML，　mcdial　Iobe；H，　heart；LL，　left

lobc．（CD）The　azygos　vein（az）of

the　wnd－type　mousc　is　located　on

the　left　sidc（C）．　In　most品功ノψ

micc．　thc　azygos　vein　is　located　on

the　right　sidc（D）or　both　sides、　ao、

aolてa．（E、F）Hypoplasia　of　the

spleen（sp）in　the品x12／〔ソL　moしlse

（F）．st，　stomach．（G，H）Visceral

organs　including　thc　stomach　are

reVerSed　in　many」わ功1「ソmiCC

（H）．du，　duodenum；li，　livcr．

（［－K）The　heart　apex　is　located　on

lhe　left　side　of　thc　wild－type　mousc

（1），but　is　eithcr　in　the　middle（』）or

〈）nthc　right　side（K）ofノわエ〃ψ

mice．　la，　left　atriunコ；Iv，　left

ventricle；ra，　right　atrium；rv，　r｛ght

ventriclc．（LM）The　right　rcnal

vcin　is　located　antcriorly　to　the　left

renal　vein　in　the　wild－type　mousc

（L）．ln♪力w〃〈んmicc，　the　relative

positions　of　lcft　and　right　renal

veins
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　　　　arc　rcversed　o1’the　two　vcins　are　located　at　thc　same　leve｜（M）．　cvc，　caudal　vella　cava；ki，　kidncy；rv，　renal　vei11；aa．　abdomina｜aorta．

（N）Aberrant　positioning　of　the　portal　vcin（po）in　the尺）．κ／〃〔ソmousc．（0－T）FI’ontal　scctions　of　the　heart．　in　most∫わx〃〔たmice．　the　hcart

manifests　sevcrc　malformations，　including　transposhion　of　thc　great　arteries（RS）and　double　outlet　ol’thc　right　ventricle（Q，T）．　pa，　pulmonary

artery・

transplanted　into　the　right　LPM　of　a　recipient　embryo　at　the

two－somite　stage　（ノVO4α1　expression　is　initiated　but　not

expanded　in　leR　LPM　at　this　stage）（Fig．4A）．　When　the

1わx〃αLembryo　was　used　as　a　recipient，　a　donor　LPM　was

transplanted　into　the　left　LPM．　We　then　examined　whether　the

transplanted　left　LPM　was　able　to　induceλb4α1　expression　in

the　right　LPM　of　the　recipient　embryo．　Indeed，　the　transplanted

le且LPM　induced　IVoぬ1　expression　in　the　recipient　right　LPM

（3／3）．Thus，∧b4α1　expression　in　right　LPM　was　not　only

apparent　in　the　region　a（Uacent　to　the　transplanted　left　LPM　but

expanded　along　the　anteroposterior　axis（Fig．4B）．　In　most

instances，　the　induced∧b∂α↓expression　did　not　extend　over　the

entire　area　of　right　LPM，　possibly　as　a　result　of　its　premature

te㎞nation　by　Lefty2　present　in　the　transplanted　left　LPM

（exogenous祐4αI　expres⑨ion　alone　in　the　right　LPM　induced

Ab4α1　expression　throughout　the　ent五e　region　of　right　LPM，　as

shown　below），　By　contrast，　transplantation　of　right　LPM　into

the　right　LPM　of　a　host　embryo　f垣led　to　induce　IV∂4α1

expression　in　the　recipient　right　LPM（3／3，　data　not　shown）．

　　We　performed　similar　transplantation　experiments　with
品功1（’ソembryos，　Left　LPM　obtained　from　a　wild－type

embryo　was　thus　transplanted　to　the　anterior　region　of　le丘LPM

of　1陥功1（ソembryos．　Such　manipulation　failed　to　induceλ10ぬ1

expression　in　the　le丘LPM　of　the　host　embryo（10／10）（Fig．

4F，G），　indicating　that　the　induction　of　IVO4θ／expression　in

LPM　requires　Foxh　1．

lnitiation　by　Nodal　of　Alo由’expression　in　the　lateral

plate

Our　results　suggested　that　an　unknown　factor　derived　from

left　LPM　is　able　to　initiate　IVo∂θ1　expression　in　right　LPM．

An　obvious　candidate　for　this　factor　was　Nodal　itself　present

in　le丘LPM，　To　test　this　possibility，　we　introduced　a　No4α1

expression　vector　and　an　EGFP　expression　vector　into
embryos　at　the　early　somite　stage　by　electroporation．　The

embryos　were　first　examined　for　fluorescence　to　locate　the

cells　that　received　the　vectors（Fig．5A）．　and　were　su句ected

to　in　situ　hybridization．　Introduction　of　the　2Vo∂α1　vector　into

right　LPM　of　wild－type　embryos　resulted　in　the　induction　of

endogenous∧わ4α1　expression（Fig．5B，C）．　No∂α1　expression

induced　in　right　LPM　expanded　along　the　anteroposterior

axis　and　extended　throughout　the　entire　region　of　the　right

LPM（25125）（arrowheads　in　Fig．5C），　Electroporation　of　an

EGFP　expression　vector　alone　into　right　LPM　of　wild－type

embryos　did　not　give　rise　to　such　expanded　IVo∂θ1　expression

except　in　one（1／20）case．　By　contrast，　introduction　of　the
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Fig．4．　bduction　ofNイ）‘／‘，／and　Lc≠「v／

by　n－ansplanted　le廿LPM．

（A）Schematic　rcprcsentation　of　the

tiSSIIe　trεulsplallttltion　systCm．

（B－K）Exprcssion　oflVθ〈1‘，／（八1　in　B｝

and八をκ1〈〃plus　Lぴ7V1（N＋Z．ノin　C－K）

was　cxamhled　by　whole－1110um　hl　situ

hybr｛dizatiol〕3hours　afterthe

indicated　typc　of　transplantt由on．

Gcnotypc～of　the　rccipienls之md

donors　are～howll　ill　rcd　alld　bluc．

rcspectively．　at　the　top　of　each　PこtllcL

Donor　tissuc　was　tlcrived　rron〕｜cft

LPM　of　the　indicated　cmbry〔）s，　Thc

transplant　sitcs　in　thc　host　embryos

arc　indic飢cd　by　square　brackets

（B、CE－K）．　DOIIOr　tiSSuc　was

tran～plallted　lo由e三mterior　l－cgio｜101A

LPM　in　ho“Cmbryos、　wilh　the

cxceptioll　of　thc　cmbryo　shし）wn　in

HJ，　which　rcccived　the　tl’tmsplanl　hl

the　paraxial　mcsodcl’m（［PAM）．　Two

rcpresentative万λv〃f／－embryos　that

rcceived　a亡ransplant　dcrived「rom　the
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lcft　LPM　of　wnd－typc（WT）clコハbryo　arc　shown　ill　FG　Endogcnous／Vθ‘1〔〃exprcssion

in　thc　transplant　isdctectablc　ill　G　but　undetectablc　in　F．　Transversc　scctions　at　the

planes　indicatcd　in　C　are　showll　in　D　alld　El　black乙md　white　arrowheads　hdicatc　left

and　right　PFP　rcspcctively．〔J，K）Magllihed　views〈）fthe　regiolls　boxcd　in　H．L

respectively，　Arrowheads　in　J，K　indictlte　LCか・1　expression　induced　ill　left　PFP

ダ
F。xHIC／一、

鞠欝
　　　　　　　　　　　lPAM∧柱L7～＋LT

FoxH　

IC／一

八ω‘1α1expression　vector　into　the　left　or　right　LPM　of

ん功1c／－embryos　failed　to　induce　No4α1（Fig．5F）．　Thus，

ectopic　Nodal　is　able　to　induce　2Vo〔1θ1　expression　in　right

LPM，　but　this　induction　requires　the　presence　of　Foxh　l　in

LPM．

lnduction　of　Le授y7　expression　at　the　midline　by

Nodal　produced　in　the　left　lateral　plate

Le廿y　l　plays　an　essential　role　as　the　midline　barrier（Meno　et

al．，1998）．　In］乃功1（’んembryos，　LC∫τv／expression　in　the　Hoor

plate　was　lost（Fig．2G）despite　the　fact　that勘λ〃was　not

deleted　in　the　PFP（Fig．1B）．　Furthermore．　both　IVo∂α1（Fig

2C）and　L4「｝・1（Fig．2G）expression　was　preserved　in　the　node．

These　observations　sllggested　that　Lζ／ζv／expression　in　the

floor　plate　might　be　induced　by　Nodal　produced　in　left　LPM．

Consistent　with　this　notion，　previous　studies（Chen　and　Schier，

2001；Meno　et　aL，2001）have　suggested　that　Nodal　is　able　to

act　over　a　long　distance．　V泥therefore　tested　this　possibility

with　the　use　of　our　transplantation　and　electroporatlon　systems．

　　Lくノ数、J　is　expressed　in　the　PFP　on　the　left　side　of　wild－type

embryos（Meno　et　al．、1997）．　A　piece　of　left　LPM　transplanted

to　the　right　LPM　of　wild－type　embryos　was　able　to　induce　not

only　Alo4θ1　in　the　right　LPM　but　alsoムψy∫in　the　right　PFP

（313）（Fig．4C）．　Thus、　L4『vl　expression　in　the　PFP　becanle

bilateral　only　at　the　levels　where　／Vo〔ゴθ1　was　ectopically

expressed　in　right　LPM（Fig．4D．E）、　suppo1Ting　the　idea　that

Nodal　produced　in　LPM　induces　Lくノカ・∫expression　imhe　PFP

Similar　experiments　were　perf6rmed　with　1％功1（ソembryos，

which　retain五）功1　in　the　PFP　but　lack　Lψy∫expression　in

this　region．　Transplantation　of　leR　LPM　from　wild－type
embryos　to　the　left　LPM　of∫ひ功∫（んenlbryos　did　not　result　in

the　induction　of　LCτbソ　expression　ill　the　PFP　（0／10）（Fig・

4EG）．　However，　transplantation　of　the　left　LPM　to　the　paraxial

mesoderm，　a　site　closer　to　the　PFR　resulted　in　the　induction　of

L《か・1（314）（Fig．4H，J）．　Furthermore，　leR　LPM　obtained　from

Lくρy2幽∫”⊥、∫E　embryos，　in　which　Nodal　activity　is　increased

as　a　result　of　the　lack　of　Le丘y2（Meno　et　al．，2001），　induced

ムψyl　expression　in　the　PFP　even　when　transplanted　to　the　left

LPM　of澱）x〃‘1ソembryos（4／5）（Fig．41，K）．

　　Introduction　of　the　IVO401　expression　vcctor　into　the　right

LPM　of　wild－type　embryos　also　induced　Lく1ち・1　expression　in

the　PFP（18125）（Fig．5D，E）．The　spatial　level　of　ectopic　Lψyl

expression　along　the　anteroposterior　axis　of　the　PFP
corresponded　to　that　of　ectopic／Vo4α1　expression　in　the　right

LPM．　In　most　instances，　Lくβyl　expression　was　bilateral

throughout　the　ent五e　PFR　while　ectopically　induced∧々π「‘」／

expression　extended　throughout　the　entire　region　of　right　LPM

（Fig．5E）．　FuHhe㎜ore，　introduction　of　the　No4α1　expression

vector　into　the　left　LPM　of肪功1ピんembryos　also　induced

Lφyl　expression　in　the　PFP（618）（Fig．5G，H），　making　it

unlkely　that　L4『｝，1　was　induced　by　secondary　signals

produced　by　the　Nodal－Foxh　l　pathway．　In　these　various

experiments．八わ∂α1　expression　was　never　induced　in　the　PFP

either　by　the　transplanted　left　LPM　or　by　introduction　of　the

八りぬ1expression　vector　into　right　LPM（Fig．4B，Fig5B）．

　　These　results　suggest　that　L4ヒVl　expression　in　PFP　is

dh℃ctly　induced　by　Nodal　produced　in　LPM　but　do　not　exclude

an　alternative　possibility　that　it　is　induced　by　secondary

factor（s）produced　in　LPM　by　a　Noda1－dependent　yet　Foxh　l．

independent　pathway．1b　test　the　latter　possibility，　we

examined　the　effects　of　constitutive　active　ALK4（caALK4）．

As　expected，　caALK4　was　able　to　induce∧1∂∂01　in　the　right

LPM　of　the　wild－type　embryos（5／5）（Fig．51）．　However，

introduction　of　the　caALK4　expression　vector　into　the　left

LPM　of　1玩ん1（ゾembryos　failed　to　induce　L4b・1　expression

in　the　PFP（11／lI）（Fig．5J）．　These　results　now　demonstrate
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Fig．5．　Induction　of八10∂α1　and　L4τyl　by　a／Vo‘∫α1　exprcssion　vector．　Expression　vectors　for　Nodal　plus　EGFP（enhanced　green　Huorescent

protein）（A－H）or　those　for　caALK4　plus　EGFP（IJ）werc　introduced　by　electroporation　into　thc　anterior　region　of　right　LPM　of　a　wild－type

（WT）embryo（A－E，D　or　into　the　anterior　rcgion　of　left　LPM　of　a∫玩〃〈ソembryo（F－H，J）．　Electroporated　expression　vectors　are　shown　in　b1しle，

while　genotypcs　of　the　recipient　embryos　are　shown　in　red．　Six　hours　after　electroporation，　expression　of　Noぬ1（ノV　in　B，C，F）orλb〈1α1　plus

Lφy／（λ∫＋ム∫in　D，E，G－J）was　examined　by　wholc－mount　in　situ　hybridization．　Electroporated　regions，　which　were　confirmed　by　the　presence

of　EGFP　Huorescencc（A）、　are　indicatcd　by　the　squarc　brackets．　Anterior　views　are　shown　in（A，B，D，F－J），　whereas　right　lateral　view　is　shown

in　C　A　transvcrse　section　at　the　plane　indicated　in　D　is　shQwn　in　E．　A　magni且ed　vicw　of　the　boxcd　region　indicated　in　G　is　shown　in　H．

Arrowheads　indicate　IVθ∂α1　expression　in　the　right　LPM（C）and　L4リゾexpression（E，H）lnduced　by　the／Vo∂α1　expression　vector．

that　Nodal　activity　produced　in　LPM　directly　induces　Lψyl

expression　in　PFP

Nodal　activity　travels　from　Ieft　LPM　to　the　PFP

Our　results　suggest　that　Nodal　ectopically　produced　in　LPM

may　diffuse　over　the　relatively　long　distance　to　the　PFP　and

there　induce　L4り1　expression．　We　next　exa血ned　whether　the
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PFP　indeed　receives　Nodal　signals　from　le丘LPM　with　the　use

of　a　1αcZ　transgene　whose　expression　is　strictly　dependent　on

Nodal　signaling．　This　transgene，↓n2／7－1αcZ，　contains　seven

tandem　repeats　of　a　Foxh　l　binding　site　and　its　expressioll　is

induced　by　the　Nodal－Foxh　l　pathway（Sa亘’oh　et　al．，2000；

Sakuma　et　al．，2002）．　X－gal　staining　of　transgenic　embryos

harbohng　rη2／7－1αcZ　revealed　1αcZ　expression　in　the　PFP

predominantly　on　the　left　side　as　well　as　in　left　LPM（Fig．

6A，B）．　Given　that　IVO∂α1　is　not　expressed　in　the　PFR　Nodal

produced　elsewhere（either　in　le丘LPM　or　the　node）must　have

traveled　to　the　PFP　By　contrast，　X－gal　staining　of　1％x尼c／L

Fig．6．　Monitonng　of　Nodal　activity　in　mouse　embryos　with　a　Nodal－

rcsponsive　transgene．　Expression　of　the　Noda1－responsive　transgene

！η217－1αcZ　was　examined　in　wild－typc（WT）（A，B）and品功1c’ん

（C，D）embryos．　In　the凡）κ力1cんembryo，　X－gal　staining　in　left　LPM

and　PFP　is　Iost　whercas　that　in　the　allantois　remains（C，D）．

Expression　vcctorsΦr／Voぴα／，　EGFP　and　1αcZ　were　a｜so　introduced

into　the　left　LPM　of　a凡）x〃〈んembryo　harboring　thc！η2／7－10cZ

transgene　and、6hours　later，　the　embryo　was　stained　with　X－gal

（E，F）．　The　rcgion　that　rcceived　thc　cxpression　vcctors　isapparent

from　the　EGFP　Huorescence　and　X－gal　staining　in　left　LPM

（indicatcd　by　the　square　brackets）．　X－ga1－positive　region　in　left　LPM

failed　to　expand　due　to　thc　absence　of　Foxh　l　in　LPM．　A　magni6ed

view　of　the　boxed　region　indicated　in　E　is　shown　in　F．　The　arrowhcad

in　F　indicates　X－gal　staining　in　the　PFP　that　was　induced　by　NodaL

Antcrior　views　alle　shown　in　A，C，E，　whercas　left　latcral　vicws　arc

shown　in　B，D．
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embryos　harboring　the↓η2／7－1αcZ　transgene　revealed　that　1αcZ

expression　was　abolished　in　the　left　LPM　and　PFR　although

staining　in　the　allantois　and　at　the　base　of　the　allantois

remained（10／10）（Fig．6C，D）、　Similarly，　another　Nodal－

responsive　1αcZ　reporter　gene，　Lく角2　A∫E－1αcZ，　that　contains

the　asymmetric　enhancer（ASE）of　L4b2　also　gave　rise　to　X－

gal　staining　in　the　PFP　in　addition　to　the　left　LPM　of　wild－type

embryos（Sa亘oh　et　al．コ999）；however，　this　transgene　was

inactive　in　the　PFP　of品功1‘ソembryos（11／11）（data　not

shown）．几克乃ノ‘’んmice　lack　IVo〔1α1　expression　in　left　LPM　but

that　in　the　node　is　unaf丘cted（Fig．2C－E）．　FuHhe㎜ore，　they

retain∫わxカ1　in　the　PFP（Fig．　IB，C）．　Finally，　introduction　of

the　Aわ4α／expression　vector　into　le丘LPM　ofれ励1「’んembryos

harbonng　the　rη2〕7－1αcZ（7／7）（Fig．6E，F）or　Lくβy2　ASE－1αcZ

（2／2）（data　not　shown）transgene　resulted　in　expression　of／ocZ

in　the　PFP　Tbgether，　these　results　suggest　that　Nodal

synthesized　in　leR　LPM，　not　Nodal　produced　in　the　node，

travels　to　the　PFP　and　activates　the　Nodal－responsive　1αcZ

transgenes・

DISCUSSION

Our　results　indicate　that　Nodal　signaling　induces　the　initiation

and　expansion　of　asymnletric　A「04α1　expression　in　LPM　as　well

as　initiates　Lく1壇expression　at　the　midline．　They　also　provide

insight　into　the　mechanism　by　which　asymmetric　signals　are

transferred　between　structures　during　LR　patterning．　On　the

basis　of　the　present　and　previous　data，　we　propose　the

following　scenario（Fig．7）．　First，　Nodal　produced　in　the　node

travels　f士om　the　node　to　left　LPM，　where　it　initiates　asynlmetric

八り4α1expression（alternatively，　Nodal　may　act　on　le負LPM

indhlectly），　Second、　Nodal　protein　produced　in　the　small

region　of　left　LPM　a〔巧acellt　to　the　node　diffuses　along　the

anteroposterior　axis，　resulting　in　the　expansion　of　∧わ∂α1

expression　within　left　LPM．　Third、　Nodal　produced　in　left

LPM　also　travels　toward　the　midlille，　where　it　induces　the

expression　ofムψy1，the　product　of　which　is　crucial　fbr　midline

barrier　function，　Thus、　according　to　this　scenario．　two　critical

events　of　LR　patterning．　asymmetric　expression　of　IVo〔1α／in

LPM　and　L肋，1　expression　at　the　midline，　are　established　by

diffusion　of　Nodal　fbllowed　by　Nodal　signaling．　Foxh　l　is

required　aHeast　fbr　the　induction　of　IVO∂α1　in　left　LPM．

Nodal　produced　in　the　node　may　initiate～oda’

expression　in　left　LPM

How　is　asymmetric　No4θ／expression　initiated　in　LPM？Our

transplantation　and　electroporation　experiments　with　mouse

embryos　revealed　that　ectopically　expressed　Nodal　induced

endogenous　No∂α1　exprcssion　in　right　LPM．　Nodal　is　thus　able

to　initiate八わ∂α1　expression　in　LPM，　suggesting　the　possibility

that　Nodal　produced　in　the　node　travels　to　left　LPM　and　there

initiates　▲Vo‘1‘71　expression．　Previous　observations　are　also

consistent　with　this　idea．　Fhlst，λb‘1α1　expression　in　the　node

（the　perinodal　region）begins　earlier　than　that　in　leR　LPM

（Collignoll　et　aL　l　996）．　Second．　asymmetric　IVo〔∫α1　expression

in　left　LPM　begins　in　a　small　region　adjacent　to　the　node、

Third．　asymmetric　M）∂θ1　expression　in　left　LPM　is　controlled

by　a　Ieft　side－specific　enhancer　desigmted　ASE（Adachi　et　al．，

1999；Nonis　et　a1．，2002；Norris　and　Robertson，1999），　the

most　critical　elements　of　which　are　two　Foxhl－binding　sites
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Fig．7．　Model五〕r　the　movcment　of　Nodal　activity　during　LR

patteming．　Three　cvcnts　involving　Nodal　arc　illustratcd．　Blue

rcpresents　the　dom↓llns　that　I’cccive　NodaI　signals　and　in　which

Foxhl　is　active．　Rcd　indicatcs　the　dolllains　in　which／Vθ‘！〈∫1　is

exprcssed．　Arrows　indicatc　the　dircct▲ons　of　signal　transfer．　In　the

wild－typc　embryo（top　row）．　Nodal　produced　in　the　nodc　travels　to

lcft　LPM　and　initiates　Alo‘∫〔’／cxpresskm　in　a　sma1｜rcgion　a（Uacent　to

the　node（D．　At　thisstage，　Lζか11　is　cxpressed　inasmall　region　of

PFP　adjaccnt　to　thc　nodc（green．）．ムψvl　exprcssion　in　thisdomaill

may　bc　illduced　by　Nodal　produced　ill　the　node．（2）Nodal　produced

ill　the　slnall　rcgk）n　of　left　LPM　dimlses　along　thc　anteroposterior

axis　in　lcn　LPM　and　thercby　illduces　thc　expansion　of凡θ〈／〈11

cxpression．（3）Nodal　produccd　in　len　LPM　travcls　to　the　entire　PFP

rcgion　along　thc　AP　axis（bluc）、　whcre｛t　induccs　LCが｝・∫expression．

［n戸わλ1’ノビソembryos（bottom　row），　Nodal　produccd　imhe　node　is

unable　to　illitiate／Vθ‘1α1　cxpression　i［11eft　LPM　becausc　of　the

abscnce　of　Foxhl　in　LPM．　As　a　result．1Vθ〈1θ！cxpression　in　len　LPM

and　Lくτ「v∫exprcssion　in　PFP　are　abscnし

（Adachi　et　al．，1999；Sa亘oh　et　aL，2000）．　These　Foxh　l－binding

sites　act　as　a　Nodal－responsive　element，　suggesting　that　No4α1

is　regulated　by　a　positive　autoregulatory　mechanism．　Fourth，

components　required　to　mediate　Nodal　signaling（such　as

ALK4，　ActRII，　Cryptic，　Smads　and　Foxh　l）are　all　expressed

in　LPM　on　both　sides．　Fifth，　in　various　mutant　mice　with　LR

defects，　asymmetric　Aわ4α1　expression　in　LPM　is　always　absent

when／Voぬ1　expression　in　the　node　is　abolished（Lowe　et　al．，

2001；Saijoh　et　al．，2003）．　Finally．　the　role　of　Nodal　produced

in　the　node　has　been　more　convincingly　demonstrated　by

Brennan　et　al．（Brennan　et　al．，2002）．　Thus，　mutant　mice

specincally　lacking　Nodal　in　the　node　fail　to　lnltlate

asy㎜1etric　No亙01　expression　in　LPM，　revealing　that　Mα1

expression　in　the　node　is　indeed　essential　fbr　asymmetric　gene

expression　in　left　LPM（Brennan　et　aL　2002）。　NonethelessJt



remains　to　be　seen　whether　Nodal　co血ng丘om　the　node
directly　acts　on　left　LPM　to　initiate∧bぬ1　expression．　Other

血ctors　such　as　GDFI　may　also　be　involved　in　signal　transfer

丘om　the　node　to　LPM，　as　GDFl　is　expressed　in　the　node　and

血elack　of　GDFI　results　in也e　loss　asy㎜e血c肋1
expression　in　LPM（Ran】dn　et　a1．，2000）．

　　Foxh　l　is　expressed　bilaterally　in　LPM　at　the　early　somite

stage　when　Ab4α1　is　expressed　in　leR　LPM（S町oh　et　al．，

2000），and　may　function　in　both　the　illitiation　and　amplification

of∧切α1　expression　in　left　LPM．　Although　it　is　dif丘cult　to

distinguish　these　two　processes　experimentally，　Foxh　l　is

implicated　in　both　by　our　observation　that　the　transplantation

of　le負LPM　to乃功1αL　embIyos］碗led　to　induce　IV6∂α1

expression　even　in　the　cells　a（巧acent　to　the　transplant　site．

　　If　Nodal　synthesized　in　the　node　acts　on　le丘LPM，　what

might　prevent　Nodal　activity　f≧om　traveling　toward　the　right

side？Nodal　flow，　the　leftward　now　of　extra－embryonic　Huid　in

the　node　generated　by　vortical　movement　of　the　cilia（Nonaka

et　al．，1998），　may　transport　Nodal　preferentially　toward　the　left

side．　Indeed，　the　role　of　noda1且ow　in　LR　patteming　was

recently　demonstrated　by　testing　the　effects　of　artificial　fluid

flow　in　embryos（Nonaka　et　al．，2002）．　Although　ciliated　cells

can　be　found　in　the　organizer　region　of　n皿一mammals，

including　the　chick（Essner　et　al．，2002），　Huid　How　may　not　be

generated　there．　Coincidentally，　ectopic　introduction　of　Nodal

into　the　right　LPM　failed　to　induce　endogenous　IW4α1
expression（M．　Levin，　PhD　thesis，　Harvard　University，1996）．

Thus，　a　different　mechanism　may　operate　in　the　chick　for　the

tr紐s允r　of　asy㎜e血c　sign垣s倉om　the　node　to　le丘LPM．

Nodal　protein　produced　in　left　LPM　induces　Lθ町7

expression　at　the　midline

皿1e血dline　stmctures，　including　the　noor　plate　and　notochord，

are　required　to　separate　the　two　sides　of　the　embryo（Danos

and　Ybst，1996），　with　Lefty　l　being　critical　fbr　midline　bamer

nmction（Meno　et　aL，1998）．　Our　observations　now　suggest

that　Lφyl　expression　in　the　PFP　is　induced　by　Nodal　produced

in　left　LPM．　First，弄b功1（ソembryos，　which　lack∧b4α／

expression　in　left　LPM　but　retain　it　in　the　node，　fail　to　express

Lφyl　in　the　PFR　suggesting　that　Nodal　produced　in　the　node

is　unable　to　induce　Lφyl　expression　in　the　PFP　Second，　and

more　importantly，　transplanted　le丘LPM　or　a　No4α↓expression

vector　introduced　into　right　LPM　induced　Lψッ1　expression　in

the　PFP　of　wild－type　embryos　but　not　in　that　of勘x乃1cヂ

embryos．　Third，　introduction　of　constitutively　active　ALK4

into　the　left　LPM　of品功1cんembryos　was　unable　to　induce

Lφyl　expression　in　PFR　excluding　a　possibility　that　an

unknown　factor　produced　by　a　Noda1－dependent　yet　Foxh1－

independent　pathway　induces　Lφy1．　The　idea　that　L⑳1
expression　is　induced　by　LPM－denved　Nodal　is　also　consistent

with　previous　observations．　Compadson　of　the　kinetics　of

Lφyl　and　∧b4α1　expression　thus　revealed　也at　Lφyl
expression　in也e　PFP　is　preceded　by　Ab4α1　expression　in　left

LPM（C．　M．　et誠．，　unpublished　data）．　Fu血e㎜ore，品∂α1　is

not　expressed　in　the　PFP．　Finally，　mutant　mice　lacking　a

component　of　the　Nodal　signaling　pathway，　such　as　the　co－

receptor　Cryptic，　f討1　to　express　L吻1　in　the　PFP　as　well　as

∧ω4α1in　le丘LPM（Yan　et　al．，1999），

　　A丘er　Nodal　produced　in　le丘LPM　travels　to　the血dline　and

induces　Lφyl　expression，　Lefty　1，　which　is　also　able　to　travel

over　long　distances（Sakuma　et　al．，2002），血ght　then　be

Foxhl　in　establishment　of　the　left－right　axis　1803

expected　to　diffuse　toward　the　LPM．　Lefty　l　that　reaches　the

right　LPM　would　render　it　incompetent　for　Nodal　signaling　and

prevent∧b4α1　expression　there．　Lefty　l　that　reaches　left　LPM，

together　with　Lefty2　produced　in　the　left　LPM，　may　contribute

to　rapid　repression　of∧b4α1　expression　in　this　region．　Midline

ba㎡er　function　is　abolished　in　mutant　mice　that　lack　Lefty　1，

resulting　in　bilateral　expression　of∧b4α1　and　Lψy2（Meno　et

al．，1998）．恥previously　suggested　that，　in　the　absence　of

Lefty　1，　an　un㎞own　left－side　determinant　travels　across　the

midline　and　reaches　the　right　LPM，　where　it　induces　the

expression　of　Nρ4α1　and　Lφy2（Meno　et　aL，1998）．　Our　data

now　suggest　that　this　left－side　determinant　is　most　likely

Nodal．

　　Although　our　results　indicate　that　L吻1　expression　at　the

midhne　is　induced　by　Nodal　produced　in　left　LPM，　it　is　not

clear　whether　this　expression　depends　on　Foxh　1．」Lφyl

expression　is　lost　even　in　the　least　severe　type　of勘x乃1－null

mutant（Y㎜㎜oto　et　a1．，2001）．　However，　this　effect　may　be

secondary　to　misspecification　of　the　midline　cells　in　the

absence　of　Foxhl（Hoodles⑨et　al．，2001；Ya皿amoto　et　aL，

2001）．Our　previous　analysis　of　the　transcriptional　regulatory

elements　of　Lψyl　by　transgenic　approaches（Sa茸oh　et　al．，

1999）suggested　that　the　1．2　kb　region　immediately　upstream

of耽1　is　s雌cient品r　its　asy㎜e櫨c　expression　in也e　PIP

Although　this　1．2　kb　region　contains　three　potential　binding

sites　for　Foxh1，　mutation　of　these　sequences　did　not　impa丘

the　PFP－specific　expression　of　Lφy1　（YS．　and　H．H．，

unpublished）．　Nodal　signaling　that　induces　Lψyl　in　the　PFP

therefbre　may　not　involve　Foxh　1．

　　Overal，　our　results　obtained　with　j脇功1cソmice　suggest　that

Nodal　activity　travels　ffom　the　node　to　le丘LPM，　and　f士om　le負

LPM　to　the　midline．　A　direct　test　of　this　conclusion　will　require

visualization　of　the　behavior　of　Nodal　in　mouse　embryos．
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