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- Summary

Mespl ‘and Mesp2 are homologous basic helix- loop-hcllx'

" (bHLH) transcrlption factors that are co-expmed in the
formation. Analysis of possible functional redundancy of
Mespl. and Mcspz has been prevented by the early

" developmental - arrest | of Mespl/Mesp2  doublé-null
embryos,. Hexe we perl‘ormed chimera analysis, using either

©_ Mesp2inull cells or. Mesp1/Mesp2 double-null cells, to

clarify (1) possible functional redundancy and the relative

- contributions of both Mespl and Mesp2. tv somitogenesis -

" and’ {2) the level of cell autonomy of Mesp functions for

- these events. By contrast, Mespl/Mesp2 donble-null cells
contributed to nejther epithelial somite nor dermomyotome

, :formahon, wherens Mesp2-null cells partially contributed

‘to Incomplete somites and the dermomyotome. This

* indicates that Mespl has a significant role in the

epithelialization of somitic mesoderm. We found that the
roles of the Mesp genes in epithelialization and in the

establishment of rostral properties are cell autonomous,
However, we alsv show that epithelia) somite formation, .

- with. normal rostro-candal pattemning; by wild-type cells

‘was severely disrupted by the presence of Mesp mutant
- cells, - demonstnllng non-cell - autonomous, effects and
sapporting our previous hypothesis that Mesp2 fs

. responsible for the rostro-caudal patterning process ftself
“in the anterlor PSM via cellular interaction.

Kcy words: Somuogcncsns. Eplﬂwlla!-mcsenchma] conversi on,
. -Mo5p2 Chimera analyms, Mouse . .

lntroductlon

- Somitogenesis is nol only an attractive cnmple of metameric
pattemn formation but is also a good rnodcl system for the

interconversion in vertebrate embryos (Gossler. and Hrabe
- - de Angelis, 1997: Poorquié, 2001). The- primitive streak, or
tailbud mesenchyme, supplles the unsegmented paraxial
- mesoderm, - known . ~_presomitic . mesoderm. (PSM).
M&senchymal cells 1n the. PSM undergo mcs:nchymal-
_epithelial conversion to form epnhel:al somites in a spatially

and temporally coordinated manner. Somites then differentiate, '

in accordance with environmental cues from the surrounding

" tissues, into dorsal epnhel:a] dermomyotome and ventral
mescnchymal sclerotome (Boryck.l and E.rncrson. 2000; Fan

~ and Tessier Lavigne, 1994). Hence, the series of events that
occur during somitogenesis provide a2 valuable example of
epilhclial#mcschhymal conversion, The dermomyotome gives
rise to both dermis and skeletal muscle, whereas the sclerotoshe

- forms cartifage and bone in ‘botit the vertebra¢ and the fibs,
Each somite is subdivided into twg compariments, the rostral
{anterior) and caudal {posterior) halves. This rostro-caudal
polarity appears to be established just pnor to somite formatlon
(Saga and Takeda, 2001). "~ "

.Mespl and Mesp2 are closely related members of the basic .

- helix-loop-helix- (?HLH) family ‘of ‘transcription " factors  but

.share_ significant sequence homology only in their bBHLH
regions - (Saga el al., 1996;- Saga et al., 1997). During
development of the mouse embryo both Mespl and Mesp2

. are specifically eat.pressed in the early mesoderm. just sfter . .
gastmlauon snd in the paraxial mesoderm dunng

“defects in early mesodermal migration and thus fail 1o form
most of tho embryonlc mesoderm, leadmg to developmental

defects .in single heart tube- formatlon. due to a delay in

- mesodermal migration, but survive to the sonﬁtogcnesis stage

(Saga e1 al,, 1999), suggesting that there is some functional
redundancy, i.c. compensatory functions of Mesp2-: in carly
mesodenn. During somxlogenesxs, both Mesp? and Mesp2 are

_expressed in the antetior PSM just prior to sdmité formation..

Although we have.shown that Mesp2, but not Mespl. is
essential for somite formation and the rostro-caudal patterning
of somites (Saga et al., 1997), a possible functional redundancy
“betwéen - Mespl and Mespz has not yet bccn clearly
established.

To further clarily the contributions of Mespl and Mesp2 to.

somitogeneésis, analysis of Mesp1/Masp2 double-null embiyos
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is necessary; but because of the carly. mesodermal defects
already described, these knockout embryos lack a paraxial

miesoderin, which prevents 2ny analysis-of somitogenesis, We -

 therefore adopted a strategy that utilized chimera analysis. As
we have reported previously, the early embryonic lethality of
a Mespl/Mesp2 double knockour is rescued by the presence of
wild-type cells in a chimeric embryo, but the double-null cells

canfiot contribitte to the cardiac’ mesoderm (Kitajima et al.,

...............

. report, we focus upon somitogenesis and compare two types .0 ‘

of chimeras using either Mespl/Mesp2 double-null cells. o
Mesp2-null cells 10 -investigate - Mespl - function -dyring
_somitogenesis,
. Another_purpose of our chimera experiments wis 16
elucidate the cell autonomy of Mesp functions. In the process

* of somits formation, mesenchymal cells in the PSM initially -

undergo " epithelialization at the. future segment boundary,

Research article

.- 8100, Heracus Kulzer) ad sectioned al 3 ym The methods used (of -~

gc:_-.c‘:xprcssion‘ analysis by_in~si_m hybridization of whole-moung
samples and frozen. sections and skeletal . preparation by Alcin

" Blue/Alizarin Red staining were described previously (Sags et al.,
1997 ‘Takahashi et al, 2000). Probes for in-sil hybridization lor

(DI 1) (Bentenhausen et al., 1995) and Paraxis (Burgess et al., 1995)
were Xindly provided by Drs Peter Gruss, Achim Gossler and Alur
Rawls, respectively. A probe For EphAd (Nicto et al., 1992) was
cloned by PCR. For Yetection of petin [ilaments, frozen scctions were

. stained with AlexaFloor 488-confugared - phalloidin (Molecutar

'Possible functional redundancy and different

independently of the already cpithelialized dorsal or ventral . -
margin of the PSM (Safo et al. 2002). Epithelial somite - candal patterning within each sorité (Fig. 1B,E-H), indicatinig

formation is_disrupted in the Mesp2-null embryo, indicating
~ that. Mesp2 is. required for. epithelialization at the segment
. boundary. Althongh Mesp products are nuclear transcription
factors and their primary functions must therefore. be cell
autonomous (transcriptional control of farget genes), it is
" possible that " the roles' of Mesp2 in epithelialization are :

..........

that Mespl is not essential for somitogenesis. By contrast, |

.-Mesp2- is -essential for both the formation and rostro-caudal

patterning of somites, as Mesp2-null embryos have no

epithelial sorites and lose rostral half properties, resuliing in

caudalization of the entire somitic mesoderm (Saga et al.

.1997) (Fig. 1ICD). - .- oo

mediated by thie non-cell autonoimous effects of target géves,

© We therefore asked whether the defects in-Mesp2-null. cells .

surrounding wild-type cells. Additionally, we would expect to

during epithelialization could be rescued by the presence of .

- find.-that- the- role of Mesp2 in_ establishing rostro-caudal - - forn i ‘ : . ) ) : ;
_ epithelial somites (Saga et al,, 1997). As Mesp! is expressed

N polarity is rescued in a similar way.

." "Our analysis suggests that Mesp] and Mesp2 have redundant |
functions' and ‘are both cell-autonomously involved in'the -
epithelialization of somitic mesoderm. In addition, our results

highlight $ome non-cell autonomous efféct of Mesp2-null and
Mespl/Mesp2-null cells. . -~~~ ..~ ..~ ... T

Generation of chimeric embryos

affected. Tt is noteworthy that the Mesp2-null embryo_ still
forms - disorganized.- -dermomyotomes - without - forming .-

at.nonoal levels in the PSM ‘of Mesp2-mull embryos (Fig. -
1C,D), it is possible that Mespl functions to rescue some

1o further clarify the contributions of both Mespl and Mésp2

_ As deseribed previously (Kitsjimn et al., 2000), chimeric émbryas

weré generated by aggregating §-cell embiyos of wild-type mice
- (ICR) with those of mutant mice that were genetically matked with. -
. the ROSA26 transgene (Zambrowicz et al., 1937). Mespl/Mesp2 . .

double-null embryos were generated by crossing who-del (+/) and

Mespi{+/-YMesp2{+/cre) mice a8 described previously (Kitajima et . '

al., 2000). This strategy enables us to distinguish chimeric embryos
derived from homozygons embryos, which have 1wo different mutant

Mesp2-null embryos were gencrated by erossing. P2vl{+/~) mice

sac DNA.
: H'isioiogf, histochemistry and gene exjpl‘e'ss:io'n ar;alySi#

during somilogenesis, we  therefore peneruted chimeric

- and a randorn distribution of X-gal stained cells (Fig. 3A). The
: _crossing. P2y e . Mesp2-null chimeric embryos formed abnormal somites that
{Sagn et al.. 1997) and . P2GFP. (+/gfp) mice. (Y., ond. S.K.,
unpublished) that were also labeled with the ROSA26 locus. The

The chimeric embryos were fixed at || days posicoitum (dpe) and

stained in X-gal solution for the detection of B-galactosidase aetivity,’
as described previously (Saga et al.; 1999). For hisiology, samples
stained -hy X-gal . were postfixed “with 4% poraformaldehyde,

exhibited incomplcte segmentation (Fig. 3B), but histological
differentiation ‘of dermomyotome and sclerotome Wwas
observed. Within the incomplets somite, X-gal-stained Mesp2-
null cells were mainly localized in the rostral and central

candal sides (Fig. 3B). The surrounding ‘wild-fype cells, 3
however, did not form an integraled epithelial sheet, but -

- more obviously observed in other sections, where wild-type

dehydeated in an ethanol series, embedded in plastic resin (Technovit
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cells were found to form multiple small epithelial clusters (Fig, -



~ Mesp1 and Mesp2 in somitogenesls 789 -

‘Mespl  Mespz v

< Wil

- Fig.. 1. Mespl and Mesp2 are co-éxpressed in'the anterior PSM but have differing roles in'somitogenesis. (A) Oveérlapping expression of Mespl -~
and Mesp2 is tevealed by in-situ hybridization using the left and right halves of the same embryo. The lines show most recently formed somite
boundaries. (B-C) A Mesp!-null embryo (B) shows the same normal somite formation asa wild-type embryo (C). Arrowheads indlcate somite
boundaries. (D) In MespZ-gull embryds, no somite formation is observed but Mespl is expressed at comparable levels to wild type, although its

* expression is anteriorly extended end blurred. (B-H) Mespl-null embryos show normal rostro-candal patterning of somites. (E,F) Expression of -

a caudal b} marker, Uneed. 1. {G,H) Expression of a rostral half marker, EphA4. The linés indicate presimptive or formed tomite boundaries

-3C,D). Mesp2-null cells tended to be climinated from the = . of the cavdal genes DUI and Uncxd.l in presumptive rostral ~
epithelial clusters, although they were partially integrated into half somiies is a crucial event in the establishment of the rostro-

dermomyotome (Fig. 3E,F). Mesp2-null cells also appeared to . - somites, Mesp2-null cells. are predicted to be unable to express

form'thé major part of the sclerotome. .-~~~ . .- rostral ‘properties. Hence, Mesp2-null cells are ‘expected to
: S e . . distribute to the caudal region of each somite where the rostro-

Mesp2 1s required for the cell-autonomous . . . . ' caudal patterns are rescued by wild-type cells in a-chimeric -

acquisition of rostral properties ' " embryo, In this context, the localization of Mesp2-null cells at

We havé previously demonstrated that suppressiori by Mesp2 | . the rostral side was an uniexpected finding, We interpret this 16
' ‘ ‘ ' ' ' mean that the rostral location of Mesp2-null cells is due to a

To examine restro-caudal properties in MespZ-null cells,
- located in the rostral side, we. analyzed the expression of a

-~caudal half marker gene, Unexd,] (Mansouti et al,, 1997

o Mep? Rosath _ Neidhardt et al., 1997). Analysis of adjacent sections revealed
R ;@ N -,-.-@‘M“Pff-msﬂ-i-méaﬂ- -+ -that lacZ-expressing Mesp2-null cells, localized at the rostral -
Wild \ ‘ / _ , : and ccotral portion, cctopically expressed Unexd. ] (Fig, 4A-
L :%i . . .. . ..... .D).Thisstrongly suggests that Mesp2-null cells cannot dcquire. . .
‘ ‘ " rostral properties even it surrounded by wild-type cells, and
MO ¥ T 7 . that Mesp2 function is cell-autonomonsly required for the
/ l : - acquisition of rostral propenies.” We dlso observed that the
: @ 7 prnatar to . 11.06pc embryn - small number of Mesp2-null cells distributed mostly to the
o T candal end of the dermomyotome (Fig. 3EF) land -ihat |
- Bastooyst .. . - .. the expression pattern of Uncx4.] was normal in the
Fig. 2. Schemaltic représéntation of chimera analysis method. Eiiher dermomyotome (Fig. 4E,F). In the sclerotome, lacZ-expressing - -
Mesp2-null or Mesp!/Mesp2 double-mull embryos, genetically. - Mesp2-null cells often distributed to the rostral side, where

labéled with Rosa toens, were agprepated with wild-rype embryos at expression of Uncx4.1 was abnormally clevated (Fig. 4GH).
the 8cell stage, and the resulting chimeras were subjected to analysis ~ The vertebrae of the Mesp2-null chimeric fetus showed a
at HOdpe.. .. . - .. . e partial fusion of the neural arches, which was reminiscent of . . .
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Mesp2-hyponiorphic fetuses (Fig, 4L (Nomura-Kllabayaslui :

‘et al, 2002) Fusmn of p:oxunal ub elemeuls was also

. MespﬂMespz double-null cells cannot contrlbute to
' the formation of epithelial somites orto the ..~

dermomyotome

 To address the question of whether Mespl, in addition to Mesp2,
exhibits any function during somitogenesis, we next generated

- Mespl/Mesp2 double-null chimeric- embryos . and compared
them with the Mesp2-null chimetic embryos described in the

. - previous ‘sections. We first . performed .whole-mount X-gal

.stmmng of embryos at ll dpc In r.he comrol clumenc embryo,

Mespz"‘ 7~ Wild

A S L N

v AT . 1,7;

~ examination’ of parasaglttal sections’ fuﬂhcr revealed obvious

Reseéréh 'altlcle‘ '

double-nuli cl'umenc embryo displayed a stnlcmgly uneven
pettern of cellular dlslnbuuon in lhc sormte reglon The X ga!

dlffercnccs in the cellular contnbunon to somite formation (Fig. - -

. heterozygous cells distributed randomly throughout the different
sclerotome: Fig. SE). In the Mcsleespz double-null chimeric

somites were formed, but histologically distinguishable

- stages.-of ‘somitogenesis (PSM, somite, . dermomyotome and =

. embryo,. neither -the - initial -segment- border nor -epithelial .

_dermomyotome-like ‘and sclerotorne-like compartients ‘were | .

'-genemed (F:g SFJ In addition, Mesleesp2 double-null

exclusively of wild-type cells and the sclcrotome-like . .

formation of epithelial somite and dermomyotome,

different characteristics are rap|dly sorted durmg
. somite formation.. | ;o

'Subsequent - exarbination of -transvérse 'sections
.confirmed the elimination of Mespl/Mesp2 double-

-like epithelium was found to form the myotome (my)
(Fig. 5LI). Funthermore, the ventral part of
. this | dermomyotome-like .
mmnchymal and nppeared 10 contnbute 10 thc

dennomyolome-hke eplthelmm ‘acwally corrésponds

. type cells (Fig. SL}), Fluotescent phalloidin staining
s . revealed that the apical localization of actin filaments

occupied by wild-type cells in the Mespl/Mesp2

It is known that the bHLH-transcnpuon factor
paraxis (Tcfl§ - Mouse Genome Informatics), is
‘requxrcd for - the cpxlbehahz.at:on of somite and

epnhe_hal reg.lo.n of r,he somites. (A). The control chlmqn_c .
embryo undergoes hormal somite formition and shows -
mndom dlsrnbutlon of labelcd cells. The nght panclisa

formed, Mesp?.-null cells tend to be localized at the rostral
and central region of these incomplete segments, Red .
BITOWS: wﬂd-»type cell clus:crs bluc arrows: Mcsp?.-nnll cell
epithe]inl cell clusters (amws} Noté that Mespz aull cells
only partialty contribute to the epithetial clusters (blve. .
arrows). (E.F) A small pumber of Mesp2-null cells are *
distributed in the dermomyotome and are mosil y localized
at the candal end. Seale barst 100 pm. - S
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compartment - consisted mostly - of Méspl/Mesp2 * o
double-null cells. This suggests.that either Mespl
or Mesp2 is ocll-autonomously required . for the -

‘These ‘results alse indicats that. PSM cells ‘with . .

null cells*from dermomyotome (Fig. SG,H). Tnthe .
. _mature somile region, the wild-type dermomyotome-

: epubelmm became | |

o the epithelial somite exclusively composed of wild- . .

\- - is limited to the dorsal compartments, which are -

" double:null chimeric embryo. (Flg 5K.L), indicating -
the MespllMespz double-null oells cnnnot undergo



dérmomyotome (Burgess et al., 1995 Burgess et al,,. 1996).
" Although Paraxis exptession is not affected in Mésp2-null

embryos (data not shown), it is possible that it is influenced by ' .double-nnll cells thémselves . éxpress ' Uncx4.2,  a - somite-

~ the loss of both Mesp] and Mesp2. We therefore examined the

localizes in the dermomyotomes (Burgess et al., ‘1995). The -
dorsal dermomyotomal epithelium, composed of wild-type
- ceils, strongly expressed Paraxis in the chimeric embryo (Fig. -
6A.B). In’ addition, adjacent seciions Tevealed that lacZ-
expressing Mesp1/Mesp2 double-null cells expressed Paraxis
- in the medial sclerotomal compartment (Fig. 6A,B, brackets).
This suggests that Paraxis expression in the future sclerotomal -
“region is independent of Mesp factors. However, at present we
cannot exclude the possibility that the maintenance of Paraxis .

‘Megp1/iesp2 double-null celis are incapable of

null .chimeric embryos exhibited continnous Unexd.]

expression-in the. ventral sclerotomal region (Fig. 7B). This -~ .-

continuity was observed in the entire sclerotome-like

compartment of the newly formed somite fegion and jn'the . . .

ventral sclerotome in the mature somite region. The caudal

‘dermomyotome and the dorsal sclérotome, which consisted of
wild-type cells (Fig. 5), even in Mespl/Mesp2 double-

-Mespl/Mesp2 double-nul]l cells are incapable- of acquiring

rostral properties. Since- the: mesoderm  of ‘Mespl/Mesp2

double-null embryos lacks the expression of the major
. markers of paraxial mesoderm . (Kitajima et al., 2000), and
Mespl/Mesp2 double-null cells do not cxhibit histological

the dermomyotome, Mesp2-null cells.are mostly localized at the.
caudal end, and the Uncxd. f expression pattern is normal. (G,H) In -
the sclerotome, the distribution of Mesp2-null cells results in
expangion of Unexd. / expression (airdws). (T) The control chimerie
fetus shows normal veriebrae, (J) The Mesp2-null chimeric fetus
¢xhibits partia) fusion of the newrn! arches. (K) The control chimeric -
fétus shows normal ribs. {L) The Mésp2-null chimeric fetus shows -
proximal rib fusion. Scale bars: 100pm. C, caudal compartment; R,

rostral compartment. . - -

~ have normmal expression of Paraxis (Fig. 6A.B)

Mesp1 and Mesp2 in somitogenesis 791

- paraxial mesoderm pq'opcftiés.f However, -the - analysis of -

“adjacent sections suggests that lacZ-expressing Mespl/Mesp2

“specific marker (Fig. 7C,D), and they bad also been found to

It is believed that the rostro-cauidal pattern within somitcs
~and dermomyotomes is generated in the PSM and maintained

candal pattern in the dermomyotome {(Fig: 7, although wild-

- type cells and Mespl/Mesp2 double-null cells are mixed in the =~
PSM (Fig, 5), of Mesp1/Mesp2 double-null chimeric embryos. _

- As Mesp products are required for soppression-of DI} inthe - - -
‘anterior PSM, a normal Dill stripe pattern cannot be formed

. if Mespl/Mesp2 double-null cells are randomly distributed jn

'p'a‘.".')'.:MH

. sespztiwng
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C o Mespt™Hespz* iWid - MespTTmespz:Wid - . Mespt* Mespz' :Wild - Mespt*Mespz™: Wi
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' wihole-tount specimesis of éantrol (A.C) and double-nill (B.D) shimieric erbryos, (A.B) Lateral view. (C.D) Dorsal view. The bl double- . © .

heterozygous cells are randomly distributed in the control embryo, whereas the Mesp1/Mesp2 double-null cells are excluded from the lateral

. region of the somites (arrowheads in D). (E,F) Parasagitial sectlons of tails from chimeric embryos. (E) The labeled cells are randomly located

i Uhig coritfol chiméra. (F) The twa types of cells are-randomly mixed in'the PSM, whereas the dermomiyotoime-like épithelium consisted ~ .~~~

exclusively of wild-type celis and the sclerotome-like compartment contained mostly Mespl/Mesp2 dosble-null cells. Note that normal .
. epithelial somités are not formed in this chimera, (G,H) Transverse sections show elimination of Mesp1/Mesp2 double-null cells from the . -

dermomyotome. (1,)) The dermomyotome-iike epithetium i the Mesp1/Mesp2 double-null chimeric embryo gives rise to dermomyotome,
myotome (arrowhead in J) and the dorsul part of ibe sclerotome. Red arches indicate the inner surface of dermomyotome. (K,L) AlexaFluor -

488-labeled phallaidin staining shows normial épithelialization of somites in' the control chimera (K) and resuiction of epithelialization in'the -~ "

. dermomyotome-Tike compartment it the MespL/Mesp2 double-null chimera (L). dm, dermomyotome; dml, dermomyotome-like epithelivm, .
dsc, dorsal part of the sclerotome; my, myotome; at, neural tube; sc, sclerolome; scl, selerotome-like companment; Ig, tajl gut.. . . . . .

the anterior PSM. This is becavse 50% of cells cannot undergo

patterned -in .the . presence: of. sumounding - Mespl/Mesp2
double-null ¢cells; To determine how the rostro-caudal pattern
in the dermomyocteme is formed in the PSM, we ¢xamined the

expression pattern of DIl (Betlenhausen et al,,- 1993), the - -

stripe expression profile of which is cstablished in the
anteriormost PSM via the funciion of Mesp2 (Takahashi et al.,
20009, The lacZ-expiessing Mesp1/MespZ double-null cells

were subsequently found to be consistently localized in the

: is mainly occupied by wild-type cells (Fig, 6C,D, arrows). This . 7

* implies thar ‘wild-type cefls and Mesp1/Mesp2 double-pull

cells rapidly segregate at S-] to 80, after which the rostro- '

caudal pattern of DI expression is forred in the partially
segregated wild-type cell population but not in the randomly
mixed ‘cell population. In othér: words, the! separation from
Mesp1/Mesp2 double-null cells enabled normal rostro-caudal
~ patterning of wildtypecells. - 0 0 o
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-~ were-stained for elther Paraxis (A) or lacZ (B). Note that the expression domaing of the Two genes averlap in the medial sclerotomal region
{brackers), (C,ID) The rostro-caudal pattem in the dermomyotome is formed in u partially segregating wild-type cell population. Adjacent .
- sections of the Mespl/Mesp2 double-null chimeric-embryos were stained for DIt} (C).or lacZ (D) mRNA. Red outlines demarcate the dorsal - - - -
. dermomyotome-like compartrients. Note that suppression of Dil! expression oceurs in'a region mostly occupied by wild-type cells (afrows),”
©Sealebar W00pm, - oo e R R R L R R TR ;

. Fig. 6. (A;B) Mesp|/Mesp2 double:null cells express Paraxis, Adjacent parasagiftal sections of the Mesp]/Mesp2 double-null chimeric embryo ©

" Flg. 7. Rostro~caudal . .~ ..

- patterriing of the s¢lerotome ™ -
. is disrupted in . )

- . Mespl/Mesp2 donble-null. |

" chimeric embryos. (A) The
control chimeric embryos’
‘exhibit normal stripé *

. pattems of Unexd, 1 .
-expression thronghout the . . | .
somitc region. (BY The -
Mespl/Mesp2 double-nutl - - %

.- chimeri¢ émbryos exhibit
continwous Uncxd.
expression in-the ventral -
scleroromal regiori. Nole
that caudal localization-of o
~normalinthe .
_-tdermomyotome and dorsal -

maggificaticn of limbar -
somites, (C,D) Adjacent
sections showing. that fucZ-
expressing Mespl/Mesp2
double-null cells express .
Uncxd. J. (E-H) The
Mesp]/Mesp2 dooble-null
chimeric fetus exhibits -
coudalization of the
-vertebrae and of the
proximal ribs. (E) The
control chimeric féus - = - - - .

shows normal metamerie arrangement of the nevral arches, (F} The Mesp)/Mesp2 double-null chiineric fetus shiows seveére [usion of the
pedicles and the laminae of neural arches. (G} The ¢ontrol chimeric fetus has normat acrangement of 1ibs, (H) The double-null chimeric fetus.
shows severe fusion of the proximal elements of the ribs. Scale bars: 100 pm. c C e
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Mesp2 null fetuscs dnsplay cauda]:zed veltebrae w:thr -

extensive fusion of the pedicles of neural arches and pr oximal
elements of the ribs (Saga et al.,
double-null chimeric fetuses also exhibited fusion of the

pediclcs of neural arches. and. the proxunal fibs {Fig.. 7E-H)Z .

'I‘urthcrmorc thc vcﬂcbrac of sevcre chlmcm: fcluscs were

) Dlscussion o -
- Mésp] and Mesp2 not only exhibit similar expression patierns
 but dlso share common bHLH domains as transcription factors.

. Previous studiés using gene. replacerent experiments (Saga,

1998) (Y.S. and S.K,, unpubhshctl) indicate that these genes

- functions of Mes'p'l' and Mesp2 was, (heiefore, the generdtion
of a conditional knockout zllele for Mesp2 in Mespl dmntpted_

- cells in which- the Cre- gene. is specifically activated in the -

B para:ual mesoderm, which is now underway. Chimera analysis

is [also ‘a .powerful .method as dn alternative strategy.

Compansons of chxmeras composed of enher Mesp2—nu]] or

mdlcqte that . Mespl has redundant - fanctions in - the -
" - - epithelialization ' of somitic mesoderm- and "additionally, by

chimeric analysis, we were able. to demonstrate the cell

"+ autooomy of Mespl and Mesp2 function during some critical -

, steps of somnogencsns _
“The relative contributions 6f Mébp‘l hhd'Mespz to
somitogenssis

-~ In Mespl-null mice, epxthelaal somites with normal rostro-
caudal . polanty arc. generated, - whereas Mesp2-null mice
exhibit defects in both the generation of epithelial somites and

the establishment of rostro-caudal polarity. Thus, it scems
likely that Mesp2 function. is both necessary and sufficient -

for somitogenesis. However, dcmomyotome formation was

observed, without normal segmentation, even. in’ Mesp2-mull .

mice. In view of t.he apparcnt redundant functions of Mespl

o s e

- exhibited ‘ complete - caudalization' of - sommc mesoderm, -

. indicating that Mespl function is not sufficient to rescue

. Mesp2 deficiency and restore rostro-caudal polarity. L:kewxse, ,

both Mesp2-null and Mespl/Mesp2 double-null cells were

incapable of forrmng an initial segment boundary. showmg that

the cnntnbunon of Mcsp] is also minor dnnng lhxs process. By

" ability lo cpnhclxahzc, McspZ-nuII cclls were occasionally
“integrated into epithelial ~somites -and dermomyotome,

- indicating that the contribution of Mespl. to epilhelializationis -
significant-and that Mespl can function in the absence of

Mesp2 (Fig; 8). We therefore postulate that the epithelialization

1997). The Mesp}/Mesp2

- gomite

: , , tlennomyutmm
wild: (BN EY
Cwae @Rl

" salerotome

nelther epuheha] somile nor dermomyotome formation, whe:eas
Mesp2-null eells can partiaily contribate to both somites and -
dermomyotdme. Red ourlines indicate epithelialized tissnes
(epithelial somitcs, dermomyotomes and abnormal suiall clusters). -

- of dennomyotome, observed in- Mespz null embrycs. xs'

‘ ‘dependenl on Mespl.

"~ Mesp factors aro cell autonomnusly required for

epithefialization of somitic mesoderm: but may also

morphological boundary formatlon

- Conventiona) jrtérpretations- of the résults of chimers analys:s‘ o
.are generally based upon the regulative development of the
.vertebrate. embryo and argue cell autonomy of specific gene -

' funcuons in embryogencsxs (Ciruna et al., 1997 Brown et

1999; . Kitajima ‘et . al., 2000; Koizumi et .el., . 2001)..

VMeSpl!MeSp2 double-aul cells failed to form cpithelial -

“cells. In addmon. they were incapable’ of contnbuung to -

dermomyotome. whcrc cell- sortmg occurs, This strongly- -

,,,,,

the epithclialization of solmt:c mesoderm However, we also ;

 found striking non-cell awtonomous effects of Mesp. mutant -
cclls on wild-type cell behaviors. That is, both types of Mesp

mutant céll not only failed to undergo normal somitogenesis,. |

- l:mt also lnhxb:ted the normal morphogencsm of wild- type cells.

we wﬂl dxscuss fnnher

" factors in the establistunent of the fulure somlle boundary. as

mesenchymal-eplﬂlelml iransition - uf cells located in the . .

- anterior PSM. A future somite boundary-is established at a

specific position in the PSM, followed by gap formation

between the mesenchymal ce]l populauons Subsequently, '

cells located anterior to the boundary aré epitbelialized. This

process is known 10 be ‘mediated by, an inductive signal from. |
- cells postenor to the boundary (Sato etal, 2002) Therefore.

principal ways: alack of cellular ability 1o epithelialize (cell
autonomous) -and a lack of an inducing s:gnal which is.

Notch signaling (thus non-cell autonomous). In the case of

~ chimeras - of Mespl/Mesp2 ' double-null - cells, “ no *lecal
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bou‘ndary forted by locally distiibuted wu]d—type cells was

- observed, i.e. even a gap between wild-type cells was never

- . observed 'in the mixture of Mespl/Mesp2 double-null ‘cells
and wxld-type cells It is likely, therefore, that the wild-type

- cell population can- form: a boundary only after separation
from Mespl/Mesp2 double-null cells {Fig. 8). By contrast,

some local ‘boundaries: between epithelial . wild-type. cell©

clusterq wese occasmnally obserw:d in chlmcras wﬂ.h MespZ—

....................................

¢annot, exclude 1he possibility that the lack of Mesp functlon _

‘ showmg éell itoRGmus folés for Psenl (szuml et al.' .

: Mesp mulanl cells aﬂect lhe rostro-caudal _
patterning of somites due to the lack of cellular Lo
 Interaction with wild-type cells

Ina prcwous study. we have shnwn lhal the rosuo-caudal '

- pathways of DI1-Noteh “and DI3-Notch mgnalmg, and
regulation by Mesp2 in the PSM (Takahashi et al., 2003). In .
.- chimeras with either Mesp2-nu!l or Mespl/Mesp2 doublesnul] -

.- may affect non=cell autonomous peneration of the inductive

signal in the anterior PSM

. Formation of epithelial somites fequlres paraxis, whwh isa. .

trmscnpuon factor (Burgess et al., 1996; Nakaya et al., 2004).

cells, the mutans ce]ls were distributed evenly and did nor show

any sorling bias in a rostro-candal direction in the PSM. Since

. both Mesp2- null and Mcsleespz double-null cells have the
-ability to form caudal cells, it is likely that if. wnld—type cells -

. could occipy the rostral part of future somite regions and have
We observed that MtspIMespz double-uull calls at lhc medijal .
-~ would be gencrated We d:d not observe thls. bowcvcr. and '

© with normal. Mespz expression (Jnhnson et al,, 2001), and i m .

- Mesp2-null embryos, wilh normal Pardxis e‘,xpresston imply
. that epithelial somite formation mdepenclemly requ:rcs both_
~.-. gene functions.- e . .

: are localized at the rostral side in the. mcomplete somites but.
- at the caudal side in the dermomyotome. Initial localization at

that mstro-caudal pattcnng is generated by ccl]ular mtr.racuons .
- -via Notch mgnalmg

- Waianabe for geneml technical assigtance, This work was supported
- by Grants-in-Aid for Science Research on Priority Areas (B) and the

) Educatuon Cu!mre, Spons, Science and Technology. Japan

. the rostral and central region, however, is likely to be due to .

- - the-relative lack of epithelialization functions. In mammalian
. and avian embryos, mesenchymal-to-epithelial conversion of
.. the. PSM commences from the rostral side of the future somite ' . .

boundary, i.e. the caudal margm of the presumpuve somite

(Duband et al

rostral sides. 'I‘hus the majonty of the Mespz—null cells

localize to the- central; prospective sc]erotomal region and a- . .

" small number of them are integrated in the future
: dcnnomyqtomal region. The incomplete somites then undergo!

~ sorted oitt to the caudal end. Therefore, the apparently compiex

‘ dlsmbunon pattem.- of Mesp2 null cells is likely to reflect a.

patterning. In the incomplete segments of Mesp2-null chimeric

embryos; the Mesp2-null cells fail to acgire rostral properties . .

even when localized. at the rostral side. Moreover, in the

dermomyo:omc where rostro-caudal pauemmg is rescued. .

Mesp2-null cells are mostly localized in the candal region.

These observations suggested that the requirement of Mesp2 o
© Gossler, A and Hrabede Angells,M { IDS"J') Somimgenms (‘urr Top. Deu

for the acqunsmon of rostral properues is cell amonomous

required for acquisition of caudal half properties (Takahashi et

al. 20{}0 Koizumi et al., 2001) and :hat Pscnl nu!lcclls cannot

- Brown, D, Wa,gner,l) LI.'X lllchardum, D. A

AT "+ devaloping soniites, Dew’ Blol 168, 296-306."
reorganization into dermomyotomc and sclerotome, and smell - D T s,

Bettenbausén, B., Hrabe de Angells, M., Simon, D., Guénet, J.-L. and

the ability to sort in'the PSM, a normal tostro-caydal pattermng .

.~ Organized - Research Combination . System. - of - the- Minisiry of - - - -

- Gogsler, A. (1995). Traisient snd restricted expression during movse - =~ . .

embryogencsis of DI, a muring gene closcly related 1o Diosophita Delts, -

Developmen.r 121, 2407 2418

Dual nole of the ‘basic Helix-loop-hellx transeription: factor scleraxis in

A. s5d Obon, E. N (1999). :_.:. '

. mesoderm formation and chondrogenesis during mouse :mbuyuguncm r

- Development 126, 4317-4329, -

Burgess, R, Cserjesl, P, Lizon, K. L. aind Olson,E N.(1995). Paraxis: 2

basic - h:lm-loop-hchx protein ‘expressed- in paraml soesoderm  and

patternmg Nature 384, 570-573.

Ciruns, B. G, Schwarte, L., Harpal, K, Yamaguclli.'l‘ P and Roasmt..l .
(1997).. Chimeric onalysis. of fibroblast growth factor receptor-f (Fefri) . -

function: a role for FOFR] in mmphogcm:uc movcmcnl through the
primitive streak, Development 124, 2829-2841,

Dubnmi J L., Dufour,S Hntta K. 'Ihkr.khi,M Edelman. G.M.and g

somites by surface ' ecrederm and notor:hord Evidence 1‘nr sclemiome
induction by 2 hedgehog homolog, Celt 79, 1175-1186, .

Biol, 38, 225-287,
Johnson, J;, Rhee, J., Parsnns S.M Browa, D_, Olson,E N .'md Rawls,
A. (2001). The anterior/posterior polauly of somites ls dlswpl»d m P.ua:us

" deficient mice. Dew Binl. 229, 176-187.

55

- Kitajlma, S;, Takagi, A., lnoue,']‘ and Soga, Y, (2000). MesP) and Mcsl"l K



706 Development132(4) T A R R Hesearchamc‘e

. ore &scnunl for the development of cmdmc mesoderm. De-wi'opmmr 12‘7
3205-3226.

Kolzumil, K., Nakajima, M., Yuasa, S., Sapa, Y., Snked, T, Kuriyams, T.,
Shiraaawa, T. and Kosekl, H. 2001).. The role of pmemlm t dunng
somile s:gmemanon Dn-plapme:u 128, 139]- I40”

dcv:lopmg&lcwlumc kldnzy und nervous sysiem, .Dev. Dyn, 210. 53-65 ) o S o o
Nalt.nyu,Y -Kuroda, S, Kntngiri,\’ T, Knlhuchi K. and Tahahushl.\’ S T T . o : e
" (2004). Mesenchymal-epithetial frunsition during somitie segmentation is ’ ’ ’ ) ’ )
. regulated by differentiol roles of Cde42 and Rec ). Den.Cell 7, 425-438, " . ‘ N 2
Neithardt, L. M,; Kispert; A. and Herrmann, 8. G: (1997) A mouse gene . e s
of the paired- relaled Immeobox closs expresscd in Ihe caudsl somite

Systeni, Dew. Genes Evol, 207, 330-339.

Nieto, M. A., Glardi-Hebenstrelt, P., Chamay, P and WIIklnson, D. G. . 7 . ) e
 (1992), A receptor. protéin tyrosine kinase implicated in the segmental . e
potieining of the hindbraid-and mesoderm: Development 116, 1137-1150. : ‘ : ' : :

. Nomura-Kilabayashl, A,, Takahashi, Y., Kitejima; S., Inoue, T., Takeda, S . S o
“H._and Saga, Y. (2002): ‘Hypomorphic- Mesp aliele distinguishes - - - . o s
establishment of rostro-caidal polarity and segmcnt bou:lcr fonnalmn in

‘ som]togeucm Dewlopmml‘ 129, 2473-2451.-

" mice by MecPl gene replacemem. Mech, Dev; 75,5366,

Sagn, Y. and Takeda, H. (2001). The making of the somite: molecular events
. in vertebrate segmentation..Mar. Kev. Genet, 2, 835-845. :

‘Soga. Y., Hata, N., Kobaysshs, 5., Magnuson, T., deln. M. -nd 'l‘alu:lo,
M. M. (1996), MesPL: A aovel basic helix-loop-helix protein expressed in . -
the nascent mesodermal cells: dunnz mouse gastralation. Develogmient 122,
2769-2778.

lnnuo, T (1999) “MasPl is cxpressed m the heart precursor cclls and
- required for the formation of A single heart tube, Development 126, 3437.

‘Sam, Y, Yasoda, K. snd Takahashi, Y. (2002) Morpho]oglcal boundary
forms by o novel Inductive event medinted by Lunatic fringe and Notch -
- . duting somitic segmentation. Development 129,3633-3644: ~ ~.~." ~
'lhluhashi. Y., Koizumi, K., Takagi, A., Kitajima, 5., inoue, T., Koseki. H. . . .
and Ssga, Y. (2000). Mesp2- initiates somite segmenuuon rhrough lhe T S
. " Notch signalling pathway. Nar, Gener, 25,390-396, ~ . - . - . .
Takehashi, Y., Inoue, T., Gossler, A. and Sapa, Y. ﬂnm) Fcudback loaps e
. ., omprising DU, DII3 and MespZ, and difterential involvement of Psen! arc . e

esséntinl for rostrovaudal pum:mmg of somites. Dtve!npmem 130, 4259-
. 4268, .
. Zambrowicz, B, P, Imamolo, A, Fknng. S.. Hen.enberg. LAy I{err. w.
G. and Soriano, ¥. (1997). Distuption of overlapping tronseripts in the
ROSA beta geo 26 gene rap strain leads 1o widespread expression of herd-
o galactosidase in'mouse embryos and hematopoletic cells. Prov, Natl, Acad. -
Sci USA 94 3?89-3794

56



_@?ﬂz ¢,$EIJZ"'_: |

REFREHR Sy — Fﬂﬁ&ﬁﬁbtmﬁﬁﬁ#ﬁb#;zﬁl 92Lﬂﬁ :
--Tétb.7{7u7b{bbmmiﬁﬁ#UOmmmﬁﬂnﬁhaﬁﬁa
- (“Percellome”). 2BIRLA. ThiICEWRETFRARY, YOEEKETS -

BEFERYTRAUVEBERTAZEFTESI LIS o4 HRBOAE
;%ﬁﬂ#(ﬁﬂriTtégtﬁvé.ébt%##ﬁﬂﬁ#ﬁmmh$w¥

LhokY, AELALTATORBEFIOVTYI/070r MBS EL =

- Y, RRMTOEBREBNITABLIICEo B hmﬁ&m,iﬁ#aﬁm$~~?aﬁ;94

%Eﬁmkmﬁbvthﬁt? 9®ﬂ§mkt&i$,%®&®? 9ﬁ :

‘#/7»Lﬁbrﬁﬁﬂﬁﬂﬁmhtﬂxﬁﬂnrua ﬁuEHME?Uz v
- hOMEBEFHERBMIHATI O LHFSN. FhiD, Eﬁ&ﬂl“;_z,gmu.IZ_:._IrZ___.Z1.
NI LEERREOL S SRHFREAVISEN L, BAOREBEFITONT
"""""""" %—&&ﬁﬁﬁ?%%fﬁ?ﬁ%'E#ﬁ#75&£7&4LM?®T—$ﬁ

.............................

'aaﬁsxu HEEF4$&EE&ETéht#Tﬁ&n/v /7A&M
.%?6btki¥£#ﬁﬂ7aht#ﬂﬁéha '

: ->_J \}ll:;\;;\].;ﬁﬁ-
o P REBERS,

V kh9%@u@&éﬂt®#%Ln&w éﬁm$% fi.'

et IR R ERIRIES MW - HHE T, PCBOLS ik
BiEER, &%ﬂ(MMMwm)t&%%ﬁﬂ“_%%ﬁﬂiﬁkﬂﬁyﬁﬁtafmﬁﬂﬁﬁ(Hm 
(chemosphere) LOMIAREMIL, BRICRE . &) ORBRRE LCHESA TR, TOER

TLE oA ERR (RORMER, REHELY) 0
§ e FE ﬂﬁﬁ&&&f.%@lo&$“®*%_
Bkt BIETEMARTSH S, BRI PCB (XY

'mEVI_uw)u%oﬁﬁ%mﬁ.#rﬁﬁ.ﬁﬁg

: :m&&Em5 I%ML&%&#H&LTﬁ&&%ﬁ

- OBEOREN,

LhAUF Y VREDESRTR (AKR, CAR, PXR
i%uLmafaOWMnéﬁwﬁ)&%omﬂvyf :
wﬁ%FMT%$&ﬂﬁ6#k&oT§t®uwﬁﬂ‘

RUOSLTHED. EORREZNTHANELS
UBEOFFIRBME & PR diclihT, ZBICY

i) o

[N

7ﬁ4.b%b3¥/391 329

57

| CORBRMDOABI, YOEI I
: ﬁ%?%é#@ﬂﬁﬁ:bﬁﬁﬁ{ﬁ%&liu&b‘




